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exchange  of  vibrational  and  rotational  energy.  Finally,  the  important 
conclusions  of  these  studies  are  summarized  in  Chapter  VI. 

Throughout  the  text,  references  are  made  to  elementary  vibrational 
energy  transfer  theories.  For  the  convenience  of  the  reader,  a  brief 
discussion  of  these  theories  is  presented  in  Appendix  B.  This  discussion 
is  developed  strictly  for  background  information  so  the  reader  may  refer 
to  them  when  the  theories  are  referenced  in  succeeding  sections. 


energy  transfer  rate  coefficients  in  a  chemically  reactive  flow  system. 

D.  Text  Organization 

Chapter  II  develops  the  kinetic  equations  which  are  used  to  extract 
energy  transfer  rate  constants  from  the  experimental  data.  The  kinetic 
analysis  begins  with  a  description  of  the  relevant  collisional  and 
radiative  properties  of  IF(8)  molecules  in  a  heat  bath.  The  master  rate 
equation  describing  these  processes  is  then  analyzed  using  both  steady- 
state  and  time-dependent  methods. 

Chapter  III  is  devoted  to  a  detailed  description  of  the  experimental 
arrangements  that  were  used  in  both  the  cw  and  time  resolved  studies. 

The  descriptions  of  these  experiments  include  the  design  of  the  flow 
system,  the  method  for  producing  IF,  and  a  presentation  on  the  details  of 
the  various  experiments  that  were  performed. 

The  results  of  the  energy  transfer  experiments  are  detailed  in 
Chapter  IV.  This  chapter  is  divided  into  three  sections  which  are  devoted 
to  the  results  of  each  major  study.  First,  the  results  of  the  electronic 
quenching  experiments  are  discussed.  The  results  of  the  vibrational  and 
rotational  energy  transfer  experiments  are  presented  in  the  last  two  sec¬ 
tions  . 

In  Chapter  V,  a  discussion  of  the  results  of  each  energy  transfer 
process  examined  in  this  study  are  presented.  The  most  important  aspect 
of  this  chapter  are  the  observations  that  are  made  about  the  trends  in 
the  energy  transfer  cross  sections.  These  trends,  in  turn,  reveal  cer¬ 
tain  characteristics  of  the  collision  processes  that  are  Important  in  the 


CW  and  time  resolved  LIF  techniques  were  used  to  probe  the  B  state  mani¬ 
fold  to  obtain  information  on  internal  state  dynamics.  This  study  also 
developed  temporally  and  spectrally  resolved  LIF  for  studying  state 
resolved  energy  transfer  in  an  electronically  excited  state  of  a  diatomic 
molecule. 

Both  quenching  and  quantum  resolved  vibrational  energy  transfer  were 
examined  as  a  function  of  both  collision  partner  and  initially  excited 
vibrational  level,  v-j'.  The  removal  of  rotational  energy  from  an  ini¬ 
tially  populated  J'  level  was  also  examined  as  a  function  of  collision 
partner.  The  study  of  both  vibrational  and  rotational  transfer  vs. 
collision  partner  was  performed  to  determine  if  physical  properties 
(i.e.,  mass,  pol arizabi 1 itiy)  of  the  bath  gas  influenced  the  rate  of 
energy  transfer.  The  vibrational  transfer  investigations  vs.  v-j' 
attempted  to  determine  an  appropriate  scaling  law  for  vibrational 
transfer  (how  the  transfer  rates  depend  on  Vj').  The  results  were  then 
qualitatively  compared  to  elementary  theoretical  models,  thereby, 
obtaining  information  on  the  conditions,  such  as  adi abaticity,  for  the 
collision  process.  The  final  objective  of  this  study  was  to  evaluate  the 
two  LIF  techniques  to  determine  the  method  which  provided  a  more 
complete  physical  insight  to  the  collision  process. 

The  detailed  energy  transfer  studies  for  molecules  other  than  IF 
mentioned  previoulsy  were  conveniently  performed  with  gases  that  can  be 
isolated  in  sealed  chambers.  IF,  however,  is  kinetically  unstable  and 
rapidly  disproportionates  into  I2  and  IF5  when  confined  in  a  static  cell. 
Thus,  this  study  is  the  first  in  which  cw  LIF  was  utilized  in  determining 


detailed  studies  exist  for  I2  in  which  electronic,  vibrational,  and  rota¬ 
tional  energy  transfer  was  examined  as  a  function  of  both  initially 
excited  level  and  collision  partner.  In  these  studies,  population  of 
specific  ro-vibrational  levels  was  achieved  through  cw  excitation  using 
both  incoherent  and  laser  sources.  The  energy  transfer  rate  constants 
were  obtained  by  spectrally  resolving  the  fluorescence  and  analyzing  the 
relative  populations  of  individual  quantum  states  as  a  function  of  the 
collision  partner  density  using  the  steady-state  approximation. 

Energy  transfer  measurements  in  other  halogen  and  interhalogen  mole¬ 
cules  are  less  extensive.  The  most  detailed  studies  reported  the  effects 
of  electronic  quenching  in  the  B  states  of  Br2,  BrCl,  BrF,  and  CI2  by 
various  collision  partners. 26  Electronic  quenching  was  also  examined  as  a 
function  of  vibrational  level  in  several  of  these  molecules.  However, 
little  or  no  data  exist  for  vibrational  or  rotational  energy  transfer. 
Limited  spectrally  resolved  cw  studies  were  performed  in  Br2(3)  while 
energy  transfer  in  Cl2(8),  BrF(3),  and  BrCl(3)  was  investigated  by  exa¬ 
mining  spectrally  unresolved  fluorescence  decay  waveforms  with  various 
bandpass  filters  using  pulsed  excitation.  These  time  resolved  studies 
d’d  not  specifically  monitor  the  population  evolutions  in  the  colli- 
sionally  populated  levels.  Therefore,  no  state  resolved  data  are 
avai 1 abl e. 

C.  Purpose  of  Study 

Since  previous  studies  of  IF(B)  energy  transfer  were  at  best  qualita¬ 
tive,  this  study  attempted  a  systematic  investigation  of  electronic, 
vibrational,  and  rotational  energy  transfer  in  the  B^Tt^O"'’)  state  of  IF. 


8.  Energy  Transfer  and  Resonance  Fluorescence 

Resonance  fluorescence  of  molecules  excited  by  monochromatic 
radiation  is  a  well  established  method  for  determining  energy  transfer 
rate  constants  in  electronically  excited  molecular  states.  The  first 
investigation  of  collision  induced  changes  in  a  resonance  fluorescence 
series  was  made  by  Franck  and  Wood  in  1911  using  electronically  excited 
iodine. Since  then,  advances  in  electronic  instrumentation  and  optical 
excitation  sources  have  made  laser  induced  fluorescence  (LIF)  a  very 
powerful  technique  for  examining  molecular  inelastic  collision 
processes. 20 

Collision  induced  energy  transfer  has  been  examined  using  LIF  for  a 
variety  of  electronically  excited  molecules.  For  example,  cw  excitation 
studies  have  yielded  extremely  detailed  data  on  the  variations  of  vibra¬ 
tional  and  rotational  energy  transfer  rate  constants  with  initial  (v',  J') 
levels  for  the  B^Tf^  states  of  the  alkali  metal  dimers,  Na2^^  and  Li2.^^ 
Studies  of  this  type  have  been  carried  out  on  other  molecules  such  as 
NO  hd  and  $2  Time  resolved  laser  induced 

fluorescence  has  also  been  used  to  study  collision-induced  energy 
transfer.  In  the  past,  this  method  has  been  generally  limited  to  the 
study  of  vibrational  relaxation  in  the  electronic  ground  states  of 
molecules. 2c  jhe  availability  of  narrow,  tunable  pulsed  lasers  operating 
at  visible  frequencies  has  recently  made  molecular  electronic  states 
accessible  for  time  resolved  energy  transfer  studies. 

Several  collisional  energy  transfer  studies  were  also  reported  in  the 
B%(0^)  states  of  the  halogen  and  interhalogen  diatomics. 26 


The  most 


population  over  many  vibrational  and  rotational  energy  levels.  These  ro- 
vibrational  levels  must  be  thermalized  to  achieve  the  highest  possible 
single  line  gain  for  an  active  chemical  laser  system. Thermal ization 
can  only  be  achieved  through  collisions  with  a  suitable  bath  gas.  More¬ 
over,  electronic  quenching  due  to  these  bath  gases,  as  well  as  the- 
possibility  of  collision-induced  predissociation,  must  also  be  examined. 
These  processes  represent  a  loss  in  the  total  excited  state  number  den¬ 
sity  and  would,  therefore,  reduce  the  overall  laser  efficiency.  Thus, 
an  examination  of  the  energy  transfer  pathways  in  collisions  betwen 
IF(B)  and  various  bath  gases  is  critical  for  determining  the  suitable 
conditions  for  chemical  laser  demonstration. 


Much  of  the  qualitative  information  on  IF(B)  energy  transfer  came 
from  the  IF  optically  pumped  lasing  demonstrations. The  quenching 
effects  of  O2,  N2,  and  He  were  examined  by  monitoring  the  IF  laser  per¬ 
formance  as  a  function  of  bath  gas  pressure.  The  IF  laser  showed  no 
discernable  degradation  with  high  pressures  (P  >  10  Torr)  of  He  or 
N2  which  signified  small  quenching  effects.  However,  the  laser  became 
very  unstable  for  small  O2  partial  pressures  (5  Torr).  The  O2  quenching 
rate  was  estimated  as  being  at  least  40  times  faster  than  that  for 
helium. Furthermore,  IF  lasing  was  observed  from  collisionally  pumped 
states  in  IF  +  He  mixtures  which  indicated  that  He  efficiently  ther¬ 
malized  the  IF(B)  vibrational  manifold.  A  preliminary  V-T  rate  constant 
for  transfer  from  v'=  3  to  v'  =  2  was  reported  as  1.2  x  10"^^  cm^ 
molecule"^ 


experiments.  Trick!  and  Wanner^3  g^d  Trautman  et  a1.^^  reported  improved 
spectroscopic  constants  for  both  the  X  and  B  states  of  IF.  The  use  of 
Trickl  and  Wanner's^^  Dunham  coefficients  enables  one  to  calculate  the 
B->X  spectral  line  positions  to  within  0.03  cm“l,  and  excellent 
agreement  is  obtained  with  Durie's  experimentally  determined  values.  The 
lowest  order  Dunham  coefficients  and  the  IF(B)  radiative  lifetimes  are 
collected  in  Appendix  A. 

The  various  chemical,  spectroscopic,  and  radiative  studies  listed 
above  have  several  important  implications  for  the  possibe  development  of 
an  IF(B“)X)  visible  chemical  laser. First,  the  numerous  I2  +  F2  chemi- 
luminscence  investigations  indicate  that  the  B  state  of  IF  is  accessible 
by  chemical  excitation.  Furthermore,  as  shown  in  Figure  1-1,  the  B  state 
equilibrium  internuclear  separation  is  shifted  with  respect  to  the  X 
state  by  0.021  nm.  Since  this  shift  is  so  great,  the  Franck-Condon  prin¬ 
ciple  implies  that  the  most  probable  B-^X  transition  terminates  at  the 
high  vibrational  levels  (v">  3)  in  the  X  state.  If  the  ground  state 
manifold  is  thermalized,  these  high  v"  levels  are  essentially  empty. 
Therefore,  a  population  inversion  can  be  established  between  these  two 
electronic  states  without  having  the  total  B  state  population  greater 
than  that  for  the  X  state.  Finally,  the  relatively  large  transition 
moment  (.101  D^)  between  the  B  and  X  states  facilitates  the  coupling  of  a 
large  number  of  vibrational  levels. The  importance  of  the  latter  two 
properties  were  realized  when  lasing  was  demonstrated  on  the  B-^  X  system 
via  optical  pumping. 

Unlike  optical  pumping,  however,  chemical  excitation  distributes  the 


emission  and  determined  the  variation  in  the  B->  X  relative  electronic 
transition  moment  with  r-centroid.  This  study  also  reported  both  Franck- 
Condon  factors  for  the  B— >  X  transition  and  emission  from  the  previously 
unobserved  IF  A%(1) -)  X^KO'*’)  system.  Using  spectral  parameters  derived 
from  Coxon's^  reinterpretation  of  Durie's  data,  Clyne  and  McDermid ■ recal¬ 
culated  the  Franck-Condon  factors,  and  obtained  the  first  RKR  potential 
curve  turning  points  for  the  B  and  X  states  of  IF.^  Figure  1-1  shows  the 
potential  curves  using  the  RKR  values  determined  by  Clyne  and  McDermid. 
The  electronic  state  labeled  C^7r(0‘'’)  in  Figure  1-1  is,  diabatically,  a 
repulsive  surface.  There  exists  a  strong  interaction  between  the  B 
state  and  the  (0'*')  surface  which  forces  avoided  crossing. Consequently, 
the  B  state  predissociates  to  two  ground  state  atoms  via  a  potential 
energy  maximum.  This  effect  makes  the  B  state  more  or  less  unstable  by 
limiting  the  number  of  stable  vibrational  levels.  (The  predissociative 
nature  of  IF(B)  was  initially  observed  by  Clyne  and  McDermid. ^1) 

In  a  subsequent  study,  Clyne  and  McDermid  measured  the  radiative 
lifetimes  of  all  the  stable  IF(B)  vibrational  levels  at  pressures  where 
the  collision  frequency  was  much  less  than  the  radiative  rate.^^  The 
collision-free  lifetimes, Tr,  varied  monotonical ly  with  v'  from 
(8.8  +_  .89)  fxs  for  v'  =  9  to  (6.96  ^  .47)  ps  for  v'=  0.  In  addition,  the 
onset  of  predissociation  was  observed  in  v'  =  8,  J'  52  and  v'  =  9, 

J'  >;6  as  a  shortening  of  the  lifetime.  These  predissociated  levels  all 
had  comparable  lifetimes  near  1  jas.  (The  vibrational  levels  above  v'=  9 
are  all  predissociated.) 

In  recent  high  resolution  laser  induced  fluorescence  spectroscopy 


I.  INTRODUCTION 


A.  Background 

Detailed  collisional  energy  transfer  measurements  between  individual 
quantum  levels  in  electronically  excited  states  of  small  molecules  are 
providing  a  wealth  of  information  for  a  better  understanding  of  colli¬ 
sion  dynamics  on  a  microscopic  level.  Energy  transfer  collisions  form  an 
important  class  of  elementary  processes  and  as  such  are  of  great  theoret¬ 
ical  interest.!  The  availability  of  accurate  cross  section  data  for 
well-defined  quantum  state  changes  plays  a  vital  role  in  shaping  theoret¬ 
ical  formulations  of  collision  processes.!*^  A  knowledge  of  such  cross 
sections,  for  example,  can  be  used  to  map  out  important  features  of  the 
intermolecul ar  potential  governing  the  collision. 

The  collisional  exchange  of  energy  also  has  practical  importance  in 
fields  like  chemical  reaction  kinetics,  atmospheric  phenomena,  and  laser 
physics.  In  the  latter  field,  the  B%(0'*’) X^KO'*’)  transition  in  iodine 
monofluoride  (IF)  has  received  considerable  interest  as  a  potential  can¬ 
didate  for  an  electronic  transition  chemical  laser  operating  at  visible 
frequencies. 

The  IF(B-J  X)  transition  was  first  observed  by  Durie  in  emission 
from  an  iodine  fluorine  flame. In  these  studies,  Durie  assigned  both 
the  rotational  and  vibrational  spectrum  and  determined  the  first  spectro¬ 
scopic  constants.  Clyne,  et  al.^  observed  additional  vibrational  bands 
in  the  B-^X  system  from  the  recombination  of  F(^P3/2)  and  I(^P3/2) 
ground  state  atoms  in  the  presence  of  02(!/\g).  Birks,  in  a  low 

pressure  I2  +  ^2  experiment,  also  observed  IF(B-^  X)  chemiluminscence 


discussed.  The  most  efficient  quencher  was  I2  with  an  estimated  rate 
constant  of  2.8  x  10“10  molecuie"^  s“^. 

Vibrational  energy  transfer  was  10^  to  10^  times  more  efficient 
than  electronic  quenching.  The  vibrational  transfer  rate  constants  from 
v'=  3  to  v'=  2  varied  from  (5.9  0.6)  x  10"12  cni^  molecule"^  s"^  for 

He  to  (5.8  ^  2.3)  x  10"13  molecule"^  s"^  for  Xe.  The  relative  V-T 
cross  sections  for  the  noble  gases  showed  a  smooth  dependence  on  the 
collision  reduced  mass.  The  v'=  3  to  v'=  2  vibrational  transfer  coef¬ 
ficients  for  N2,  O2,  and  F2  were  (2.8  j+  0.6)  x  10"12^  (5.9  2.4)  x  lO"^^ 

and  (5.8  ^  0.5)  x  10"12  (.n,3  molecule"^  s"^,  respectively.  However,  these 
rate  constants  showed  no  dependence  on  collision  reduced  mass  signifying 
that  a  V-T  process  may  not  be  the  dominant  mechanism.  The  IF(B)  vibra¬ 
tional  transfer  cross  sections  for  the  noble  gases,  N2  and  O2  scaled 
linearly  with  vibrational  quantum  number.  The  rate  constants  for  Av  =  -2 
vibrational  transfer  were  estimated  as  less  than  15  percent  of  the  total 
removal  rate  constants  for  each  bath  gas. 

Rotational  energy  transfer  was  the  most  efficient  kinetic  process 
in  IF(B).  Total  rotational  removal  rate  constants  were  obtained  in 
IF(B)  +  noble  gas  and  N2  collisions  subsequent  to  the  initial  excita¬ 
tion  of  (v',J')  =  (3,22).  The  estimated  efficiencies  for  rotational 
energy  transfer  were  typically  100  times  greater  than  those  for  vibra¬ 
tional  transfer.  The  rate  constants  ranged  from  (9.7  ^  1.3)  x  10"^^ 
to  (1.1  ^  .1)  X  10"10  cm^  molecule”!  s"!  for  He  and  Xe,  respectively. 

The  relative  rotational  transfer  efficiencies  also  displayed  a  smooth 
dependence  on  the  collision  reduced  mass. 


XV 


AFIT/DS/PH/85-1 


Abstract 

The  collision  dynamics  in  the  IF  337r(0''')  state  were  examined  in  a 
chemically  reactive  flow  system  using  both  time  resolved  and  steady- 
state  laser  induced  fluorescence.  Rate  constants  for  quenching  and 
vibrational  and  rotational  energy  transfer  were  determined  by  analyzing 
IF(B-^  X)  fluorescence  emission  in  the  presence  of  various  foreign 
gases. 

IF(B)  deactivation  rate  constants  were  determined  as  a  function 
of  vibrational  quantum  number  for  the  following  collision  partners:  He, 
Ne,  Ar,  Kr,  Xe,  N2,  F2,  12.  ^2*  ^nd  H2O.  Quenching  by  the  noble  gases 
and  N2  was  extremely  slow  with  all  rate  constants  less  than  1  x  10"^^ 
cm^  molecule"^  s"^  for  3  _<  v'  £8.  The  quenching  rate  constants  for 
F2  showed  a  weak  dependence  on  vibrational  quantum  number,  ranging  from 
(3.4  ^  0.5)  X  to  (5.2  0.4)  x  lO"!^  cm^  molecule"^  s"^  for  v'=  3 

and  v'=  7,  respectively.  Double  exponential  IF(B)  fluorescence  decays 
were  observed  with  both  O2  and  H2O  indicating  two  depletion  processes 
occurring  over  the  lifetime  of  IF(B).  The  quenching  rate  constants, 
extracted  from  the  decays  at  long  times,  were  (1.4  ^0.2)  x  cm^ 

molecule"^  s"^  for  O2  and  (7.6  _+  1.6)  x  10“12  ^m^  molecule"^  s"^  for 
H2O.  At  early  times,  the  respective  deactivation  rate  constants  for 
O2  and  H2O  were  (8.3  ^  1.4)  x  10"12  cm^  molecule"^  s"^  and  (2.4  ^  0.7) 

X  10"^^  cm^  molecule"^  s"^.  A  possible  quenching  mechanism  by  O2  is 
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II.  KINETIC  ANALYSIS 


A.  Introduction 

Kinetic  analyses  of  collision  induced  energy  transfer  in  IF  B37r(0'*’) 
are  presented  in  this  chapter.  The  master  rate  equation  is  developed 
describing  the  various  kinetic  processes  in  the  B  state  of  IF.  Solutions 
to  this  equation  are  obtained  by  applying  both  steady-state  and  time- 
dependent  analyses  which  yield  expressions  that  are  used  to  extract 
energy  transfer  rate  constants  from  experimental  data.  Definitions  and 
notation  used  in  these  kinetic  analyses  are  collected  in  Table  2-1. 

B.  Development  of  the  Master  Rate  Equation 

In  these  experiments,  one  considers  a  system  of  gas  phase  IF  molecu¬ 
les  capable  of  existing  in  a  large  number  of  accessible  energy  levels.  A 
non-equilibrium  IF  distribution  is  created  by  selectively  populating  a 
specific  ro-vibrational  energy  level  in  the  B^7r(0''’)  state  using  laser 
excitation.  These  excited  molecules  are  dilutely  dispersed  in  an  inert 
gas  (bath)  with  which  they  can  exchange  energy.  Let  IF'*'  represent  IF 
molecules  in  ro-vibrational  levels  in  any  electronic  state  lying  below 
IF(B)  in  energy  and  Y,  foreign  gas  atoms/molecules.  The  kinetic  processes 
which  can  occur  in  these  experiments  are  shown  below. 

(i)  Excitation  IF(X;  v,  +  hi^  IF(B;Vi '  ' ) 

(ii)  Fluorescence  IF(B;vi '  ,J-j ' )  IF(X;vn,",Jni")  +  hi/' 

(iii)  Quenching  IF{B)  +  Y  IF'*’  +  Y 

IF(B;vi',J^')  +  Y  AlF(B;Vf',J^')  +  y 


(iv)  Energy  Transfer 


TABLE  2-1.  Notation  used  in  kinetic  analyses. 

NOTATION 

QUANTITY(PAGE)* 

COMMENT 

UNITS 

A 

Fluorescence  decay 
rate  constant  (15) 

A  =  I/Tr 

s-1 

I j Io»^m 

Total  fluorescence 
intensity  (20) 

arbitrary 

k 

Energy  transfer  rate 
constant  (17) 

cm^  s”^ 

l<B 

Energy  transfer  rate  constant 
by  background  gases  (23) 

cm^  s“^ 

kB‘ 

(23) 

kB'=  kgTR 

cm3 

'^ifm 

General  state-to-state 
rate  constant  for  the 
mth  collision  partner  (17) 

cm3  g-l 

^  1  f  iTl ' 

(18) 

kifm'“  k^fn^TR 

cm3 

kf. 

Total  rotational 
transfer  rate  con¬ 
stant  from  J  to  all 

J  +  AJ  (25) 

kf  “  J  k(vi , O'} ; v^, J) 

cm3  j-l 

kr' 

(25) 

kr'  ”  kr"^R 

cm3 

>  > 

Total  vibrational 
transfer  rate  con¬ 
stant  from  V  to 
all  V  +  Av  (21) 

(23) 

ky  =  Z  k(vi,Ji;v,J) 
v,J 

ky'  =  ky^R 

cm3  5-I 

cm3 

k(vi,Vf) 

State-to-state  vib¬ 
rational  transfer  rate 
constant  (24) 

k(vi,Vf)  =  E  k(vT,Ji;vf,J) 
J 

cm3  5-I 

k(vi,Vf) ' 

(24) 

k(vT,Vf)'  =  k(vi-,Vf)'CR 

cm3 

M 

Bath  gas  concentration 
(14) 

cm"3 

*  Page  where  symbol  is  first  defined. 

12 

a’.*  '  . 

..  .  - 

NOTATION 


QUANTITY(PAGE) 


COMMENT 


UNITS 


Nb 

Total  background  gas 
concentration  (14) 

cm"3 

No 

Total  IF(X)  concentration 
(19) 

cm"^ 

N 

Total  IF(B)  concentration 
(19) 

N  = 

^  N(v,J) 
v,J 

cm"  3 

N(J) 

IF(B)  concentration  in  rot¬ 
ational  state  J  (25) 

cm"3 

N(v) 

IF(B)  concentration  in  vib¬ 
rational  state  V  (23) 

N(v) 

=  S  N(v,J) 

cm"^ 

Ni 

IF(8)  concentration  in  ro- 
vibrational  state  (v,J)  (14) 

N,-  = 

N(v,J) 

cm"^ 

Qb 

Electronic  quenching  rate 
constant  by  background  gases 
(20) 

cm^  s 

Qb' 

(20) 

Qb'  = 

Qb"^r 

cm8 

Qm 

Electronic  quenching  rate 
constant  by  species  M  (16) 

cm^  s 

Qm' 

(18) 

Qm' 

=  Qm'^^R 

cm^ 

Sum  of  quenching  and  energy 
transfer  rate  constants  by 
species  m  (23) 

Rm 

=  Qni  ky 

cm3  5' 

Rm’ 

(23) 

Rm  ~  Rm"^R 

cm3 

S 

First  order  excitation  rate 
constant  (15) 

s-1 

S' 

(18) 

S' 

=  STr 

Concentration  of  mth  collision 
partner  (15) 

cm"3 

Radiative  (collision-free) 
lifetime  (16) 

“^R 

=  1/A 

s-1 

r 

Sum  of  first  order  radiative 
and  quenching  rate  constants  (27) 

r 

=  A  +  Qm  M 

s-1 

13 


Experiments  which  examine  processes  (iii)  and  (iv)  are  performed  by 
adding  an  inert  bath  gas.  (The  definition  of  bath  gas  usually  includes 
species  responsible  for  "self-quenching"  and  "self-relaxation"  which,  in 
these  experiments,  is  IF(X).)  However,  since  IF(X)  must  be  chemically  pro¬ 
duced,  an  incomplete  reaction  may  establish  a  mixture  of  unreacted  spe¬ 
cies.  These  residual  gases  may  have  an  appreciable  kinetic  effect  and 
must,  therefore,  be  considered  in  the  analysis.  Furthermore,  it  is 
assumed  that  the  IF(8)  concentration  is  sufficiently  small  so  that 
interactions  between  these  molecules  are  negligible.  So,  we  will  generally 
define  the  foreign  gas  to  include  the  bath  gas  (inert  species  added  to 
the  system,  whose  concentration  is  denoted  by  M)  and  "oackground"  gases 
(residual  reactants  plus  IF(X),  whose  concentrations  are  denoted  as  Ng). 

Using  the  notation  defined  in  Table  2-1,  the  master  rate  equation 
describing  the  rate  of  change  of  IF(8;v',J')  population,  Nj,  is  given  in 

Eq. (2-1). 27 

(1)  (2)  (3)  (4) 

~  “^^iX'^^i  ■ '2  Qim^i^m  "  l^ifiTi  ^i^m  ''' 

(5) 

l^fim^f^m  (2-1) 

The  sums  over  m  in  Eq.(2-1)  include  contributions  from  different  foreign 
gases  present  in  the  system;  specifically,  the  bath  gas,  M,  and  back¬ 
ground  gases,  Ng.  The  concentration  symbol  used  in  Eq.(2-1)  is  the 
general  one,  Yp,. 

Each  kinetic  process  along  with  the  corresponding  elements  of  Eq.(2-1) 


will  now  be  described. 

(1)  Process  (i),  the  pump  process,  corresponds  to  the  initial 

preparation  of  a  specific  level  in  IF(B)  via  monochromatic,  opti¬ 

cal  excitation  and  contributes  term  (1)  in  Eq.(2-1).  Term  (1)  is  first 
order  in  the  number  density  of  the  ground  state,  IF(X),  molecules,  and 
Sjj,-  is  the  proportionality  constant  (excitation  rate  constant)  where 

Z=  (v",J")  and  i  =  (v',J'). 

The  preparation  of  a  pure  quantum  state  requires  that  the  exciting 
frequency,"!^ ,  has  a  linewidth  that  does  not  overlap  more  than  one  rota¬ 
tional  absorption  line.  Fulfilling  this  requirement,  the  excitation  rate 
constant  takes  on  the  simple  form^^ 

<^(E'  -  E"  -  hv)  I  <i  pV  M>|  ^  (2-2) 

where  Y  is  the  electric  dipole  moment  operator  connecting  the  ro- 
vibrational  levels  i  andJ^.  Thus,  all  are  zero  except  one,  for  a 
narrow  exciting  frequency  (i.e.  a  small  bandwidth). 

(2)  Process  (ii)  describes  purely  radiative  emission  from  IF(B) 
to  IF(X).  This  process  contributes  term  (2)  to  Eq.(2-1).  This  term  is 
first  order  with  respect  to  N^-;  and  ,  the  proportionality  constant,  is 
the  total,  first  order  radiative  decay  rate  constant  from  quantum  state 
i.  (A,-  is  defined  as  the  Einstein  A  coefficient  and  is  equal  to  the 
inverse  of  the  radiative  lifetime,  r.)  Remember,  radiative  decay  from 
the  B  state  populates  a  number  of  ground  state  vibrational  levels.*  So, 

*  The  B  state  reradiation  also  produces  a  nonequilibrium  vibrational 
distribution  in  IF(X).  But,  since  it  was  assumed  that  the  IF(B)  con¬ 
centration  is  very  small,  this  represents  a  negligable  perturbation  to 


the  sum  over  X  must  extend  over  the  quantum  levels  of  the  ground  electro¬ 
nic  state. 

(3)  Process  (111)  represents  a  colllslonal  interaction  which 
depletes  IF(B)  population  through  non-radi ative  decay  (electronic 
quenching).  This  process  contributes  term  (iii)  to  Eq.(2-1).  This  term  is 
second  order  with  respect  to  Y^,  and  N-j.  is,  therefore,  the  propor¬ 
tionality  constant  and  is  defined  as  the  electronic  quenching  rate 
constant  by  the  m^^^  collision  partner.  Since  electronic  quenching 
involves  a  loss  in  total  electronic  energy,  IF(B)  can  decay  via  two, 
kinetically  equivalent  mechanisms:  predissociation,  where  IF(B)  decays  to 
two  ground  state  atoms,  I(^P3/2)  and  F(2p3/2);  and  “true"  electronic 
quenching,  where  IF(B)  decays  to  quantum  levels  in  either  the  X^r(0''’), 
A37r(l),  or  A'^7r(2)  electronic  states  with  the  energy  difference  being 
absorbed  by  the  bath  gas.  Since  these  two  mechanisms  are  kinetically 
equivalent,  one  must  be  careful  in  interpretating  the  quenching  mecha¬ 
nism.  However,  these  energy  transfer  studies  were  performed  by  exciting 
quantum  levels  that  lay  well  below  the  predissociation  limit,  making 
collision  induced  predissociation  highly  improbable. 

(4)  The  fourth  term  in  Eq.(2-1),  which  corresponds  to  process 
(iv),  accounts  for  the  colllslonal  redistribution  of  population  from  the 
initially  prepared  state,  i,  to  other  quantum  levels,  f.  Various  mecha¬ 
nisms  may  be  responsible  for  energy  transfer  between  IF(B)  and  Y  (i.e., 

the  overall  distribution  among  the  IF(X)  levels.  Thus,  no  information  on 
vibrational  relaxation  in  IF(X)  can  be  directly  obtained  in  these  experi- 


V-V,  V-T,  R-T,  etc.)  with  k,  the  rate  constant,  representati ng  the  rapi¬ 
dity  of  the  process.  For  this  discussion,  however,  no  distinction  is  made 
as  to  the  mechanism  for  energy  transfer. 

In  general,  k  is  an  n  x  n  matrix  with  the  main  diagonal  elements 
being  the  sum  of  the  second  order,  state-to-state  rate  constants,  k-jf, 
from  i  to  f.*  These  main  diagonal  elements  are  formally  defined  as  the 
total  removal  rate  constants.  Single  quantum  transitions  are  defined  for 
f  =  i  1,  while  multiple  quantum  state  transitions  are  defined  for 

f  =  i  n  (n  =  2,3,4...).  For  vibrational  energy  transfer  in  IF(B),  the  k 

matrix  may  contain  72  non-zero  elements.  These  elements  give  the  rate 
constants  for  both  collisional  excitation  and  de-excitation  for  each 
stable  IF(B)  vibrational  level.  For  rotational  energy  transfer,  however, 
the  dimensionality  of  the  k  matrix  can  be  extremely  large  depending  on 
the  number  of  rotational  levels  admitted  in  the  transfer  process. 

(5)  The  fifth  term  in  Eq.(2-1),  which  also  corresponds  to  pro¬ 
cess  (iv),  describes  the  collisional  population  of  state  i  from  state  f. 
These  rate  constants  correspond  to  the  off  diagonal  terms  in  the  general 
k  matrix.  For  sufficiently  low  foreign  gas  pressures,  the  effects  of 
secondary  transfer  due  to  multiple  collisions  which  repopulate  the  state 
i  ( backtransf er )  may  be  neglected.  Under  these  conditions,  the  sum  over  f 
reduces  to  a  single  term  if  f  is  the  initially  prepared  state.  Thus,  kfi  is 


*  The  matrix  k  is  equal  to  the  transition  matrix  formally  defined  in 
quantum  scattering  theory.  This  matrix  is  proportional  to  the  scattering 
matrix,  S,  and  for  initial  excitation  of  one  quantum  state,  the  energy 
transfer  experiments  yield  one  column  of  the  molecular  S-matrix. 
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defined  as  the  second  order,  state- to-state  rate  constant  for  populating 
i  from  state  f.  However,  there  is  no  contribution  from  this  term  in  Eq. 
(2-1)  if  i  is  the  initially  prepared  state.  At  pressures  where  multiple 
collisions  occur,  kf-j  describes  the  population  of  state  i  from  all  other 
levels  f  ( back-transfer  collisions). 

C.  Steady-State  Analysis 

In  a  steady-state  analysis,  it  is  assumed  that  the  IF(B)  concentration 
is  small  and  does  not  change  in  time.  Using  the  steady-state  assumption, 
dN-j/dt=0  for  all  i.  Thus,  setting  the  time  derivative  equal  to  zero  in 
Eq.(2-1)  and  solving  for  N^,  one  obtains 

^Xi  ?  *^fim  I'^f  '^m 

“i  ■  -  „  -  (2-3a) 

^i  “  Qim  '^m  ^  '^ifm  '^m 

In  the  study  of  collisional  energy  transfer,  the  radiative  lifetime, 
Tr,  defines  the  observational  time  scale  for  all  the  kinetic  events.  We 
can  rewrite  Eq.(2-3a)  to  emphasize  this  property  by  dividing  the  numera¬ 
tor  and  demoninator  by  1/Tr  where  l/rp  =  .  The  result  is  Eq.  (2-3b). 

S  N  +  S  kfiin'  Nf  Y(f, 

N-  =  - ^ - fa- -  (2-3b) 

1  +  E  (Qim''''  ?  k-jfm'  )Ypi 
m  T 

where  Sjji'  =  Sj^-jTR.  etc.  Equation  (2-3b)  can  be  used  to  obtain  the  rele¬ 
vant  expressions  for  determining  the  electronic  quenching  and  vibrational 
and  rotational  energy  transfer  rate  constants.  One  final  note  is  needed 
before  proceeding  with  the  derivations.  In  all  these  experiments,  IF(B) 
levels  were  populated  by  optically  pumping  from  v"=  0  in  IF(X).  Thus,  we 


shall  set  N  =  Ng  to  represent  ground  state  IF(X)  molecules. 


1.  Electronic  Quenching 

Electronic  quenching  Is  examined  in  steady-state  experiments  by  moni¬ 
toring  the  total  IF(B)  population  (or,  equivalently,  total  fluorescence) 
as  a  function  of  the  foreign  gas  concentration.  (Since  spectrally 
resolved  data  are  not  obtained  in  quenching  experiments,  we  can  eliminate 
terms  (4)  and  (5)  from  Eq.(2-1).  However,  vibrational  relaxation  occurs 
when  electronically  excited  molecules  collide  with  the  bath  gas.  There¬ 
fore,  the  quenching  rate  constants  are  to  be  considered  as  averaged 
values  for  the  set  of  states  which  have  appreciable  population.)  The 
appropiate  form  of  Eq.(2-3b)  for  describing  electronic  quenching  is 


^oi '  ^0 
m 


(2-4a) 


where  N  =  ^  ,  Q'^  Qim'»  ^ol  ^oi'  ^  ^  corresponding  to 

the  initially  prepared  state.  Implicit  in  Eq.(2-4a)  is  the  sum  of  J 
over  1.  The  lifetimes  of  the  vibrational  levels  that  contribute  to  the 
total  fluorescence  differ  by  no  more  than  ten  percent. Therefore,  we 
assume  thatTp  is  a  constant. 

Experimentally,  quenching  effects  are  most  easily  observed  by  moni¬ 
toring  the  total,  spectrally  unresolved  fluorescence  intensity.  Defining 
the  fluorescence  intensity,  I,  as  the  number  of  emissions  per  cm^  per  s 
(I  =  N/Tr),  Eq.(2-4a)  is  rewritten  as 


where  C  is  the  proportionality  constant  relating  I  to  the  number  density, 

N.IO 

In  the  absence  of  a  bath  gas,  electronic  quenching  can  only  occur  via 
collisions  between  IF(B)  and  background  gases.  From  Eq.(2-4b),  the 
expression  describing  this  process  is 


1  +  Qb'Nb 

where  Iq  is  the  total  fluorescence  intensity  in  the  absence  of  an  added 
bath  gas,  and  Qb'I'Ib  first  order  quenching  rates  by  the 

background  gases.  The  latter  rate  was  not  measured  since  accurate 
background  species  concentrations  could  not  obtained  in  these  experi¬ 
ments.  However,  Eq.(2-5)  will  aid  in  the  development  of  subsequent 
steady-state  kinetic  expressions. 

The  addition  of  a  bath  gas  may  enhance  electronic  quenching  caused  by 
the  background  gases.  Thus,  Eq.(2-4b)  becomes 


^  ^ol^o 

1+  Qm'M  +  Qb'Nb 


(2-6a) 


where  is  the  total  fluorescence  intensity  with  an  added  bath  gas,  and 
M  is  the  bath  gas  number  density.  Using  Eq.(2-5)  to  express  SqiNq  in 
terms  of  Iq,  Eq.(2-6a)  is  rewritten  as 

(Iq/I^)  -  1  =  Qm'M/(l  +  Qb'Nb)  (2-6b 


The  electronic  quenching  rate  constant  is  obtained  from  the  slope  of  the 


plot  of  the  relative  intensities  vs  the  bath  gas  number  density  assuming 
a  constant  Ng.* 

2.  Vibrational  Relaxation 

Figure  2-1  shows  a  generic  representation  of  a  spectrally  resolved, 
cw  fluorescence  experiment.  (The  energy  levels  shown  in  Fig.  2-1  may 
represent  either  vibrational  or  rotational  states.  We  will  only  consider 
vibrational  levels  for  this  discussion.)  In  this  figure,  the  vibrational 
level,  v^,  is  initially  prepared  with  a  cw  excitation  source.  A  sub¬ 
sequent  collision  with  a  bath  gas  redistributes  the  population  from  this 
"parent"  level  to  other  vibrational  levels,  v,  1.  The  spectrally 
resolved  flourescence  spectrum  shows  the  appearance  of  col  1 isional ly 
populated  "satellite"  bands  due  to  the  vibrational  redistribution. 
Vibrational  energy  transfer  is  quantitatively  analyzed  by  monitoring  the 
population  evolutions  of  the  parent  and  satellite  bands  while  changing 
the  bath  gas  concentration.  The  expression  for  obtaining  the  total 
transfer  rate  constant,  ky,  is  developed  first,  followed  by  the  deriva¬ 
tion  of  the  expression  for  determining  the  state-to-state  rate  coef¬ 
ficients,  k(v-j,vf). 

Assuming  single  collision  conditions  (i.e.,  the  radiative  rate  equals 
the  collision  frequency),  the  second  term  in  the  numerator  of  Eq.(2-3b) 
can  be  eliminated.  This  approximation  allows  vibrational  relaxation  to 

*  For  M=0,  the  y-intercept  of  Eq.(2-6b)  is  zero.  Thus,  no  information  on 
quenching  by  the  background  gases  can  be  obtained  in  steady-state  experi¬ 
ments  unless  seperate  experiments  are  performed  to  determine  the 
quenching  effects  of  these  gases.  An  estimate  of  the  quantity  Q3Ng  was 
obtained  from  the  time  resolved  quenching  experiments. 
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Spectrally  resolved 
appearance  of  satel 
energy  transfer. 


proceed  only  from  the  initially  prepared  state,  to  other  vibrational 

levels,  Vf,  where  repopulation  of  the  initial  level  is  excluded.  The 
population  removal  from  v-j  to  all  other  states  in  a  collision  with  a 
single  species,  M,  is  described  by  Eq,(2-7a). 


N(vi)  = 


>01  ‘'•o 


1  +{Qm'+  l<v')M  +  Rb'Nb 


{2-7a) 


where  ky'=^  Mf'*  ^i~  ^(v-j),  and  Rg'  =  (Qg'  +  kg').  (Vibrational  relaxa¬ 
tion  by  the  background  gases  must  now  be  explicitly  included,  where  kg  is 
the  vibrational  energy  transfer  rate  constant  since  this  process  also 
contributes  to  the  depletion  of  v-j.)  Eliminating  the  pump  term,  Sqt'Nq, 
using  Eq.(2-4a),  the  expression  for  determining  the  total  transfer  rate 
coefficient,  ky',  is  given  in  Eq.(2-7b). 

[N/N(vO  -  1]  =  kv'M/[l  +  Qm'M  +  Rg'Ng]  (2-7b) 

In  order  to  determine  the  state-to-state  rate  coefficients,  k(v-j,Vf), 
the  relationship  between  the  initially  populated  level,  v-j,  and  the  col- 
lisionally  populated  vibrational  state,  Vf,  which  is  populated  by  colli¬ 
sions  from  v-j  must  be  considered.  Redefining  terms  in  Eq.(2-3b),  we  now 
let  i  represent  the  col  1 isional ly  populated  state  and  f  the  initial  level 
(i.e.,  let  Nj  =  N(vf),  Nf  =  N(v^),  and  kf^  =  k(vj,  Vf)).  Since  we  are 
assuming  single  collision  conditions,  the  sum  over  f  in  the  second  term  of 
the  numerator  in  Eq.(2-3b)  reduces  to  a  single  term.  Also,  the  first  term 
in  the  numerator  of  Eq.  (2-3b)  can  be  eliminated  since  the  state  Vf  is  not 
directly  pumped  by  the  laser.  Thus,  the  steady-state  population  evolution 
of  the  col  1 isional ly  populated  state,  vf,  is  given  by  Eq.(2-8a). 


><(vi,  Vf)'  N(vi)M 

1  +  Rb’Nb  +  (Qm'  + 


(2-8a) 


where  ky'  is  now  the  total  removal  rate  coefficient  from  Vf.  Rearragning 
Eq.(2-4a),  the  expression  for  obtaining  the  state- to-state  vibrational 
transfer  rate  constant  is 

N(vf)/N(vi)  =  k(vi,vf)'  M/[l  +  Rb'Nb  +  (Qm'+  kv')M]  (2-8b) 

Equation  (2-8b)  can  be  used  to  determine  both  single  and  multiquantum 
state-to  state  vibrational  transfer  rate  constants.  The  coll isionally 
populated  vibrational  level,  Vf,  is  generally  defined  as  Vf  =  v-j  n 
( n  =  1,2,  3, . . . ) . 

Equations  (2-7b)  and  (2-8b)  give  the  prescription  for  determining  the 
total  vibrational  removal  rate  constant  and  the  state- to- state  rate  coef¬ 
ficients,  respectively.  These  rate  constants  are  obtained  from  the  slope 
of  the  plots  of  the  relative  vibrational  state  populations  vs  bath  gas 
number  density  where,  for  example,  ky  =  ky'/tR.  However,  the  relative 
band  intensities  are  the  experimental ly  measured  quantities.  The  band 
intensities  must  be  converted  to  vibrational  state  populations  for 
extracting  the  rate  constants.  This  procedure  is  discussed  in  Chapter  IV. 

In  practice,  it  is  quite  difficult  to  maintain  single  collision  con¬ 
ditions  when  studying  vibrational  relaxation.  For  sufficiently  high  bath 
gas  pressures,  one  must  consider  back-transfer  in  which  secondary  colli¬ 
sions  repopulate  the  initially  excited  level  from  all  other  levels  popu¬ 
lated  by  the  first  collision.  The  method  for  obtaining  these  back- 
transfer  corrections  is  detailed  in  Appendix  C. 
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TABLE  3-1.  Wavelength  ranges  for  various  dyes  used  in  pumping 
IF(B)  vibrational  states  from  IF(X;  v"=  0). 


DYE 

WAVELENGTH 
REGION  (nm) 

PUMP  TRANSITIONS 

Coumarin  500 

480-510 

v“=  0  to  v'=  3  and  4 

Coumarin  480 

460-510 

v"=  0  to  v'=  3-6 

Coumarin  460 

440-490 

v"=  0  to  v'=  6-9 

the  wavelength  of  the  dye  laser  to  a  suitable  absorption  line  of  the  B-^  X 
system  with  the  appropiate  dyes  listed  in  Table  3-1.  The  dye  laser  pro¬ 
duced  pulses  approximately  7  ns  in  duration  (FWHM)  with  typical  energies 
of  0.4  to  2.0  mJ/pulse  at  a  10  Hz  repetition  rate.  The  linewidth  of  the 
dye  laser  was  0.4  cm'^  as  measured  with  a  Fabry-Perot  spectrum  analyzer. 
Two  arms  integral  to  the  fluorescence  cell  defined  the  laser  axis  as 
shown  in  Fig. 3-2.  These  arms  were  23  cm  long  and  welded  in  the  center  and 
perpendicular  to  the  plane  of  the  cross.  Each  arm  contained  a  Brewster 
angled  window  and  a  set  of  five  internal  light  baffles  made  of  brass. 
These  baffles,  which  were  conical  and  had  a  central  hole  0.5  cm  in 
diameter,  minimized  scattered  laser  light  from  reaching  the  interior  of 
the  cell.  The  dye  laser  output  was  steered  into  the  baffled  fluorescence 
cell  with  three  internally  reflecting  prisms.  The  three  mm  diameter  dye 
laser  beam  was  focused  to  approximately  one  mm  in  diameter  onto  the 
center  of  the  cell  with  a  one  meter  focal  length  lens.  The  partially 
reflecting  surfaces  of  the  prisms  and  the  lens  resulted  in  a  35  percent 
loss  in  beam  intensity  with  an  additional  3  percent  loss  at  the  Brewster 
angled  windows. 
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require  high  temperature  bakeout. 

After  following  the  standard  outgassinq  and  helium  leak  testing 
procedures,  the  ultimate  pressure  in  the  isolated  cell  was  5  x  10"'^  Torr 
with  a  3  X  10"'^  Torr  hr“^  leak  rate.  The  pressures  in  the  cell  were 
sampled  in  two  locations  to  determine  the  uniformity  of  the  gas  distribu¬ 
tion.  The  pressures  were  measured  with  MKS  310  monel  capacitance  manome¬ 
ters  (10“3  _  10  Torr  and  10“^  -  1  Torr  heads). 

Usable  IF(B-^X)  fluorescence  signals  were  only  obtained  by  choking 
the  gas  flow  with  a  gate  valve.  (This  was  a  consequence  of  the  inef¬ 
ficient  IF(X)  production  scheme.)  Under  base  pressure  conditions  (i.e., 
no  added  bath  gas),  the  average  number  densities  of  the  various  species 
in  the  cell  were  estimated  as  follows:  [IF(8)]  =  1.0  x  10^^  molecules 
cm'3^  [IF(X)]  =  3.3  x  10^^  molecules  cm~3,  [F2]  =  4.0  x  10^^  molecules 
cm"3,  [I2]  =  3.1  X  10^3  molecules  cm~3,  and  [He]  =  6.0  x  10^^  atoms  cm"3. 
The  details  of  these  calculations  are  shown  in  Appendix  F. 

3.  Excitation  Source 

Tunable  radiation  from  a  Quanta  Ray  Nd:YAG  pumped  dye  laser  selec¬ 
tively  populated  ro-vibrational  levels  in  the  B  state  of  IF.  The  1064 
nm  radiation  from  the  Q-switched  Nd:YAG  laser  (DCR-IA)  was  frequency 
tripled  to  355  nm  using  KD*P  crystals  (HG-1  Harmonic  Generator).  The 
fundamental  and  first  harmonic  (532  nm)  beams  were  subsequently  seperated 
with  prisms  (PHS-1  Harmonic  Seperator),  allowing  only  the  third  harmonic 
to  enter  the  dye  laser  head  (PDL-1).  Dye  laser  output  was  achieved  by 
side  pumping  both  the  oscillator  and  the  amplifier  with  the  355  nm  rad¬ 
iation.  Various  ro-vibrational  levels  in  IF(B)  were  accessed  by  tuning 
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capacitance  manometer  and  ranged  from  14  to  25  Torr. 

Fluorine  was  injected  into  the  cell  through  a  1.3  cm  diameter 
nozzle.  The  F2/He  flow  rates  were  controlled  with  a  metering  valve  and 
monitored  with  a  Matheson  8116  linear  mass  flow  meter.  Flow  rates  from 
0.9  to  1.9  SCCM  were  utilized  in  the  present  work.  An  excess  of  F2  was 
maintained  so  that  the  iodine  partial  pressure  determined  the  upper 
limit  of  the  IF(X)  concentration. 

The  bath  gas  (IF(B)  collision  partner)  was  metered  into  the  cell 
through  a  pyrex  rake,  9  cm  long  and  1.3  cm  in  diameter.  The  rake  had 
thirty  1  mm  holes  spaced  equally  along  its  length  and  was  positioned 
so  the  bath  gas  entered  the  cell  transverse  to  the  flow  direction. 
Research  grade  He,  Ne,  Ar,  Kr,  Xe,  N2,  F2,  and  O2  were  used  as  the  bath 
gases  in  the  energy  transfer  studies. 

The  gas  flow  exited  the  system  through  a  liquid  nitrogen  cryotrap  to 
prevent  I2,  IF,  and  IF5  contamination  in  the  vacuum  pumps.  The  flow 
system  was  evacuated  by  a  5.1  cm  diameter,  150  ^-s"^  diffusion  pump, 
backed  by  a  two-stage  rotary  pump  (Welch  1402).  (The  diffusion  pump  pro¬ 
vided  a  constant  gas  flow  at  low  pressures  since  the  pumping  speed  of 
the  rotary  vacuum  pump  was  nonlinear  below  a  total  pressure  of  about 
0.10  Torr.)  The  bath  gas  and  helium  carrier  gas  lines  were  isolated  from 
the  fluorescence  cell  and  iodine  reservoir,  respectively,  when  not  in 
use  and  separately  evacuated  with  a  forepump. 

The  entire  interior  of  the  fluorescence  cell  was  coated  with 
3M-101-C10  Nextel  velvet  black  paint.  This  paint  provided  an  extremely 
flat  black  finish  which  reduced  scattered  laser  light  and  did  not 


IF  rapidly  forms  IF5  on  the  walls  of  the  containment  vessel  via  a 
heterogeneous  reaction  mechanism. A  flow  system  is,  therefore, 
necessary  to  minimize  IF5  formation  and  maintain  a  sufficient  IF  con¬ 
centration.  IF5  formation  cannot  be  completely  arrested  because,  even 
in  a  fast  flow  system,  IF  lasts  for  only  a  few  msec.^5 

2.  Flow  System  Design 

Figure  3-1  shows  a  schematic  diagram  of  the  flow  system.  The  flow 
system  was  constructed  with  stainless  steel  and  pyrex  glass  materials 
to  accommodate  the  desired  pressures  through  diffusion  pumping.  The 
fluorescence  cell,  which  was  an  integral  part  of  the  flow  system, 
provided  the  region  where  all  kinetic  processes  were  observed.  The 
cell  was  constructed  from  a  stainless  steel  cross,  10.2  cm  in 
diameter  and  25.4  cm  in  length  ( arm-to-arm) . 

The  reactants  were  mixed  approximately  8  cm  from  the  center  of  the 
cell.  Iodine  was  introduced  by  passing  metered  amounts  of  helium 
carrier  gas  (99.998%  pure)  over  a  reservoir  of  room  temperature 
I2  crystals,  (The  I2  crystals  were  distilled  before  use  to  eliminate 
impurities.)  The  12/He  flow  was  subsequently  controlled  with  a  metering 
valve  placed  at  the  entrance  of  the  fluorescence  cell  and  injected  into 
the  cell  through  a  rake  nozzle.  The  tee-shaped  nozzle  consisted  of  a 
1.3  cm  diameter  pyrex  tube  and  a  0.6  cm  diameter  rake.  The  rake  was  2.5 
cm  long  and  contained  four  1  mm  diameter  holes  spaced  equally  along  its 
length.  The  mass  flow  rate  of  the  helium  carrier  gas  typically  ranged 
between  0.8  and  1.2  SCCM  as  measured  with  a  Matheson  610  rotometer. 
Helium  pressures  in  the  iodine  reservoir  were  monitered  with  an  MKS  310 
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III.  EXPERIMENTAL 


A.  Introduction 

Energy  transfer  in  IF(B)  was  examined  using  LIE  in  a  chemically 
reactive  flow  system.  The  experimental  system  is  divided  into  four, basic 
elements;  (a)  a  flow  system  for  IF  production,  (b)  an  excitation  source, 
(c)  a  fluorescence  detection  system,  and  (d)  a  data  processing  system. 

The  details  of  these  elements  along  with  the  chemical  reactions  which 
were  used  to  produce  IF  are  discussed  in  this  chapter. 

B.  Time  Resolved  Studies 
1.  IF  Production 

Ground  state,  X^KO'*’),  IF  molecules  were  produced  via  a  bimolecular 
reaction  of  dilute  fluorine  (10%  in  He)  and  iodine.  The  accepted  mecha¬ 
nism  for  this  reaction  is  described  below. 32. 33 

•^1 

l2  +  F2  — >  I2F  +  F  (3-1) 

I2F  +  F  — )  IF(X)  +  IF(A  or  8)  (3-2) 

where  is  (1.9  ^0.2)  x  lO"^^  (-^,3  molecule"^  s"^  at  room  temperature. 3^ 
(This  slow  rate  constant  indicates  that  only  about  5  in  10^  l2  -  F2 
encounters  have  sufficient  energy  to  react. 3^)  a  subsequent  encounter 
between  the  fluorine  atom  and  I2F  results  in  IF  formation.  This  reaction 
is  exoergic  by  64  kcal  mole"!  which  is  sufficient  to  populate  the  A  or  B 
state  of  IF.  Although  the  I2  +  F2  reaction  is  very  inefficient,  it  does 
provide  a  convenient  method  for  producing  ground  state  IF  molecules. 


from  n  to  n-1.  Since  the  ratio  of  Wg^e  is  less  than  0.01,  the 

low  lying  levels  of  IF(B)  will  be  harmonic  to  a  good  approximation.  The 
restriction  implied  by  Eq.(E-2a)  is  more  difficult  to  assess.  It  is 
questionable  whether  this  assumption  is  valid,  a  priori,  since  vibra¬ 
tional  relaxation  in  many  molecular  systems  do  not  follow  this  rule. 
However,  this  study  attempted  to  show  whether  such  a  vibrational  scaling 
relationship  exists  in  IF(B). 

Since  the  analytic  solution  is  strictly  applicable  to  an  oscillator 
with  an  infinite  number  of  energy  levels,  it  cannot  model  the  fact  that 
IF(B)  predissociates  at  v'=  9.  The  levels  pumped  in  this  experiment, 
however,  are  well  below  v'=  9;  and  it  is  unlikely  that  many  molecules  will 
coll isional ly  ladder  climb  to  the  point  where  they  predissociate. 

If  the  lifetimes  of  the  various  vibrational  levels  in  IF(B)  were 
identical,  then  the  analytic  solution  could  be  multiplied  by  a  factor 
e"  to  account  for  radiative  decay  and  electronic  quenching  (see 
Appendix  E).  Unfortunately,  the  lifetimes  vary  over  a  range  from  6.7  f<s 
to  8.6  |*s.l2  Therefore,  we  attempted  to  account  for  the  variation  in  the 
lifetimes  by  using  a  value  averaged  over  the  lifetime  of  the  level  pumped 
and  the  level  monitored. 

Equation  (E-5)  was  used  to  fit  the  data  such  as  those  shown  in  Figs. 
D-lb  and  0-2.  This  model  gives  the  first  order  vibrational  relaxation 
rates  which  were  subsequently  plotted  vs  the  bath  gas  concentration  to 
determine  the  rate  constants.  Several  tests  were  made  on  the  Montroll- 
Shuler  model  to  determine  its  applicability  to  IF(B).  These  tests  are 
discussed  in  Chapter  IV. 
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An  alternate  approach  developed  by  Montroll  and  Shuler30.31  was  used 
to  determine  the  vibrational  transfer  rate  constants.  Briefly,  Montroll 
and  Shuler  analytically  solved  the  rate  expression  describing  the 
vibrational  population  evolution  of  a  system  of  harmonic  oscillators 
immersed  in  an  inert  heat  bath.  (See  Appendix  E  for  a  more  complete  dis¬ 
cussion.)  Assuming  an  initial  ^-function  distribution  and  that  the  rate 
constants  are  scaled  according  to  Landau  and  Teller^d^  the  solution  to 
this  problem  was  determined  as 


Xn(t) 


(1-  e®)  ef"®  /  e-'t'- 
(e-'f-  e®) 


F(-n,-m,l;U2) 


(E-5) 


where  hWkT,  v  is  the  fundamental  frequency  of  the  oscillator,  Xn(t) 
is  the  population  in  vibrational  state  n  at  time  t,  U  =  SINH(0/2)/SINH(t'/2) 
T=  Kt(l-e"®),  F  is  the  hypergeometric  function,  and  K  is  the  vibrational 
transfer  rate  constant.  Since  several  simplifying  assumptions  were  made 
in  order  to  obtain  a  closed  form  solution,  these  assumptions  must  be 
studied  to  determine  the  error  they  introduce  into  the  analysis. 

The  most  important  assumptions  are  that  the  energy  levels  are 
strictly  harmonic  and  that  the  various  rates  are  interrelated  as  given  by 
Eqs.(E-2)  which  are  reproduced  below. 

K(n,n-1)  =  k{n,n-l)M  =  nk(l,0)M  (E-2a) 

K(n-l,n)  =  ne-®  k(l,0)M  (E-2b) 


where  k(l,0)  is  the  second  order  vibrational  transfer  rate  constant  from 
n  =  1  to  n  =  0,  and  K(n,n-1)  is  the  first  order  vibrational  transfer  rate 


Equations  (2-12)  are  then  solved  using  the  standard  techniques  yielding 

N(v)t  =  N(v)t=o  (2-13a) 

N(v+l)t  =  (6-**^  -e-rt)  (2-13b) 

where  o<.  =  k^M  +T(v),  k(v,vj^l)M  N(v)t=o*  and  k^+i  M  +r(vj^l). 

It  is  quite  apparent  that  a  closed  form  solution  to  this  problem 
would  be  extremely  difficult  to  interpret.  The  interpretation  problem 
occurs  because  all  the  vibrational  levels  are  coupled  due  to  both  sequen¬ 
tial  upward  and  downward  relaxation.  The  time  dependence  of  the  popula¬ 
tion  of  a  vibrational  level  depends  on  the  rate  at  which  the  nearest 
neighbor  levels  are  populated  and  depleted.  Thus,  the  individual  rate 
constants  appearing  in  Eqs.(2-13)  cannot  be  uniquely  determined  in  this 
simple  analysis.  (The  qualitative  features  of  spectrally  resolved,  time 
resolved  vibrational  relaxation  are  discussed  in  Appendix  D  using 
simplifying  assumptions  in  the  above  analysis.) 

As  seen  in  Appendix  D,  the  straightforward  approach  to  analyzing  the 
vibrational  relaxation  data  will  not  be  amenable  to  an  analytic  solution 
unless  some  simplifying  assumptions  are  made.  However,  one  could  treat 
the  problem  numerically  by  assuming  a  set  of  rate  constants  and  then 
integrating  the  rate  equations  on  a  computer.  A  systematic  variation  of 
the  rates  to  yield  the  best  fit  will  yield  the  desired  numbers.  Programs 
capable  of  treating  the  problem  in  this  fashion  do  exist.  Unfortunately, 
this  type  of  analysis  suffers  from  several  defects,  not  the  least  of 
which  is  the  excessive  computer  time  required. 29  Thus,  this  fitting  proce 
dure  will  not  be  used  in  the  analysis  of  the  time  resolved  data. 


levels.  (For  this  discussion,  we  are  only  considering  V-T  collisions.) 

As  a  first  approach  to  analyzing  this  problem,  consider  the  situation 
where  the  vibrational  spacing, ^Gy,  is  greater  than  200  cm"l  (4Gy  >  kT 
at  T  =  300  K).  Under  these  conditions,  Ehrenfest's  adiabatic  principle 
(see  Appendix  B)  implies  that  nearest  neighbor  transitions  are  most  prob¬ 
able  (i.e.,  the  probability  of  multiquantum  vibrational  transfer  is 
negligible).  The  rate  equations  describing  the  time  development  of  these 
vibrational  levels  are  given  below. 

dN(v)/dt  =  -ky  M  N(v)  +  k(v+l,v)M  N(v+1) 

+  k(v-l,v)M  N(v-l)  -r(v)  N(v)  (2-12a) 

dN(v;}^l)/dt  =  -ky+i  M  N(v+^1)  +  k(v,v_;i^l)M  N(v) 

+  k(v+2,  v+l)M  N(v+2)  -r(vil)  N(v+1)  (2-12b) 

where  ky  =  k(v,v+l)  +  k(v,v-l),  ky+i  =  k(v^l,v)  +  k(vj^l,  v^2),  andr(v) 
is  the  sum  of  the  first  order  radiative  and  quenching  rate  coefficients. 
The  problem  can  be  further  simplified  if  all  the  upward  rates  are  negli¬ 
gible.  This  situation  occurs  when  AGy  »  kT  as  in  the  case  of  HF  where 
AGy'^4138  cm"1.28  in  HF,  detailed  balance  shows  that  the  ratio  of  the 
upward  rate  constant  to  the  downward  rate  constant  is''2  x  10"^  at 
T  =  300  K.  Therefore,  the  upward  rates  are  truely  negligible.  But,  in  the 
case  of  IF(B),  the  upward  rates  are ~ 20  percent  of  the  downward  rates 
where  ZlGy'^^OO  cm“l.  Therefore,  the  upward  rates  must  be  included  in 
the  analysis. 

At  low  bath  gas  densities,  where  multiple  collisions  are  negligible, 
one  may  assume  that  the  collisional  population  of  N(v  +  2)  is  small. 


Energy  level  diagram  showing 
occurring  in  the  vicinity  of 
vi brational  level  ,  v  . 


The  electronic  quenching  rate  constant  is  obtained  by  first  deter¬ 
mining  the  decay  rate, F,  at  a  given  bath  gas  pressure.  Experimentally, 
r is  obtained  by  directly  integrating  Eq.{2-lla)  yielding 

^n  (I/It=o)  =  -rt  (2-llb) 

where  I  is  the  spectrally  unresolved  fluorescence  intensity,  which  is 
proportional  to  the  excited  state  number  density. The  electronic 
quenching  rate  constant,  Q^,  is  subsequently  obtained  from  the  slope  of 
the  plot  of  T  vs  M: 

r  =  (^r)-I  +  QmM  (2-llc) 

where  (Tr)  This  procedure  is  referred  to  as  a  Stern-Volmer 

analysis. 

2.  Vibrational  Relaxation 

Vibrational  relaxation  is  examined  by  spectrally  resolving  the  flour- 
escence  and  monitoring  the  population  evolution  of  vibrational  levels  in 
real  time.  The  most  straightforward  method  of  analyzing  the  data  is  to 
write  down  a  series  of  rate  equations  which  includes  all  the  relevant 
kinetic  processes  describing  the  evolution  of  the  vibrational  manifold. 
For  simplicity,  however,  consider  the  three  level  system  shown  in  Fig. 2-2 
in  which  a  highly  non-equilibrium  distribution  is  produced  in  the  v^*^ 
vibrational  level  via  pulsed  excitation.  At  time  t  =  0,  when  the  excita¬ 
tion  pulse  has  shut  off,  all  the  optically  excited  molecules  reside  in 
this  vibrational  level.  These  molecules  are  then  subject  to  collisions 
with  a  foreign  gas  which  induce  transitions  from  v  to  other  vibrational 


in  this  study.  Back-transfer  corrections  to  Eq.  (2-9b)  are  derived  in 
Appendix  C. 

D.  Time-Dependent  Analysis 

In  time  resolved  experiments,  the  kinetic  and  radiative  processes 
are  observed  subsequent  to  initial  excitation  of  a  specific  quantum  level 
Therefore,  the  pump  term  in  Eq.(2-1}  is  eliminated  if  the  initial  excita¬ 
tion  pulse  width  (temporal  FWHM)  is  sufficiently  narrow  so  it  can  be 
approximated  as  a  (5-function.  This  condition  is  fulfilled  in  these 
experiments,  and  the  master  rate  equation  is  re-written  as 

dN  * 

=  -(TA-jj^  +r  Yp,  +  ^  k-jfp,  Yp,)N-j  +  ^  kf^p,  N,  Yp,  (2-10) 

jz  m  fm  tm 

Equation  (2-10)  can  be  directly  integrated  to  yield  expressions  to 
extract  energy  transfer  rate  constants  from  the  experimental  data. 

1.  Electronic  Quenching 

Electronic  quenching  is  examined  by  monitoring  the  decay  of  total 
fluorescence  in  real  time.  Quenching  is  characterized  by  a  shortening  of 
the  radiative  lifetime  of  the  molecule,  signifying  a  population  loss 
through  non-radiative  decay.  Therefore, 

dNi  _  ^ 

- =  -  ^  Aije  Ni  -  Qi,„  Ni  M  =  T  Ni  (2-lla) 

dt 

where  quenching  by  a  single  species,  M,  is  being  considered  and  T  is  the 
total,  first  order  fluorescence  decay  rate  constant. 


3.  Rotational  Relaxation 

The  emission  spectra  obtained  in  the  vibrational  transfer  experiments 
also  reveal  information  on  rotational  energy  transfer  only  if  sufficient 
resolution  exists  so  '■hat  emission  from  the  initially  prepared  rotational 
level,  J-j,  is  observable.  If  this  condition  exists,  the  total  population 
removal  from  J-,-  is  examined  by  monitoring  its  population  vs  bath  gas 
number  density.  The  total  rotational  removal  rate  constant  within  an  ini¬ 
tially  excited  vibrational  level,  v-,*,  is  obtained  by  applying  the  steady- 
state  approximation  to  J-j.  Therefore,  we  obtain  from  Eq.(2-3b)  by 
assuming  single  collision  conditions,  the  expression  below. 

N(J)  =  Soi'No/[(l  +  Qm'■^  k/  kr')M  +  Rg'  Nb]  (2-9a) 

where  k-jf'  =  ^[(k-if)v'  (k-j-f)^.']  =  ky'  +  kf.'  from  Eq.(2-3b).  The 

effects  of  vibrational  relaxation  were  included  in  Eq.(2-9a)  since  this 
process  also  represents  a  loss  in  population  from  Combining 
Eqs.(2-9a)  and  (2-7a),  the  total  rotational  removal  rate  constant,  k^,  is 
obtained  via  Eq.(2-9b). 

[N(vi)/N(J)  -  1]  =  kr'M/[l  +  (ky'-H  Qn,’)M  +  Rb’  (2-9b) 

After  converting  the  experimentally  determined  relative  band  inten¬ 
sities  to  relative  populations  (to  be  described  later),  the  total  rota¬ 
tional  removal  rate  constant,  k^.,  is  obtained  from  the  slope  of  the  plot 
of  N(v^)/N(J^-)  vs  M,  where  k^  =  kp'/Tp.  Expressions  describing  state-to- 
state  rotational  transfer  can  also  be  obtained.  This  derivation  is  not 
included  since  state- to-state  rotational  transfer  data  were  not  obtained 
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CAPACITANCE 


fluorescence  viewing  ports  with  the  light  collection  optics 
and  the  laser  axes.  The  gas  flow  is  directed  perpendicular  to 
the  plane  of  the  page. 


4.  Laser  Excitation  Spectra 

Laser  excitation  spectra  were  recorded  to  identify  the  initially 
prepared  quantum  states.  These  spectra  were  obtained  by  scanning  the 
wavelength  of  the  dye  laser  across  absorption  lines  for  a  given  B->  X 
transition.  The  total  fluorescence  intensity,  which  tracked  the  absorp¬ 
tion  spectrum,  was  monitored  as  a  function  of  laser  wavelength.  A  block 
diagram  of  the  apparatus  is  shown  in  Fig. 3-3.  High  resolution  spectra 
were  obtained  using  the  Quanta-Ray  dye  laser.  The  FWHM  linewidth  of  this 
laser  (0.4  cm"^)  was  sufficiently  narrow  so  ‘‘hat  individual  IF(B)  rota¬ 
tional  levels  could  be  excited.  Low  resolution  spectra  were  also 
obtained  using  a  Molectron,  SP-10,  N2  pumped  dye  laser.  The  linewidth  of 
the  dye  laser  was  0.5  nm  (FWHM)  which  resulted  in  rotationally  unre¬ 
solved,  vibrational  excitation  spectra. 

Total  B->  X  emission  was  detected  by  observing  the  fluorescence 
through  the  observation  window  of  the  cell.  The  fluorescence  was  focused 
onto  the  cathode  of  an  RCA  C31034A  photomultiplier  tube  (PMT)  with  a  5  cm 
focal  length  lens.  The  output  of  the  PMT  was  then  amplified  (HP  462A 
pre-amp)  and  fed  into  a  50xi.  signal  input  of  a  PAR  164  Gated  Integrator 
on  a  boxcar  averager  (PAR  162).  The  flourescence  signals  were  passed 
through  a  0.5  pts  gate  and  integrated  for  10  /xs.  A  record  of  the  excita¬ 
tion  spectra  was  subsequently  obtained  by  driving  the  Y  input  of  a  strip- 
chart  recorder  (HP-7100BM)  with  the  output  of  the  boxcar  averager.  The 
results  and  analyses  of  the  excitation  spectra  are  discussed  in  Appendix 


apparatus  used  for  recor 


5.  Electronic  Quenching  Measurements 

Electronic  quenching  was  examined  by  monitoring  the  decay  of 
total  IF(B)  fluorescence  as  a  function  of  bath  gas  pressure  for  various 
Initially  excited  levels.  The  spectrally  unresolved  fluorescence  was 
collimated  by  an  aspheric  lens  (23  mm  focal  length)  and  focused  onto  the 
cathode  of  an  RCA  C31034A  PMT  with  a  5  cm  focal  length  lens.  The  aspheric 
lens  was  sealed  In  the  chamber  so  the  focal  plane  was  located  approxima¬ 
tely  at  the  center  of  the  cell.  Long  pass  filters  were  Inserted  between 
the  focusing  lens  and  the  PMT  to  prevent  detection  of  scattered  laser 
light.  (These  filters  typically  transmitted  90  percent  at  50  nm  above  the 
wavelength  "cut  on."  The  extinction  ratio  at  wavelengths  below  the  "cut 
on"  was  ~105.)  The  amplified  raw  signals  from  the  PMT  were  then  pro¬ 
cessed  with  the  system  shown  In  Fig. 3-4. 

Individual  fluorescence  decay  curves  were  digitized  by  a  fast  tran¬ 
sient  recorder  (Blomatlon  6500).  The  Blomatlon  partitioned  the  Infor¬ 
mation  Into  1024  channels  with  a  10  ns/channel  resolution.  The  recorded 
decay  curves  were  averaged  over  many  laser  shots  using  a  hard  wired  data 
processor  (Nicolet  NIC-80).  Typically,  700  to  2000  laser  shots  were 
required  to  achieve  acceptable  signal-to-nolse  ratios.  The  signal 
averaged  decay  curves  were  stored  on  a  floppy  disk  (NIC  299  diskette 
storage  unit)  for  use  In  subsequent  data  analysis.  A  record  of  these 
decay  waveforms  along  with  the  logarithms  were  also  recorded  on  an  X-Y 
plotter  (HP  7004B). 

The  Blomatlon  was  operated  In  a  pretrigger  mode  to  record  Infor¬ 
mation  for  determining  decay  curve  baselines.  The  trigger  source  was 
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Spectral  resolution  was  achieved  in  the  following  way.  Total  IF(B) 
fluorescence  was  captured  by  an  aspheric  lens  (f/0.5)  and  focused  onto 
the  slits  of  a  0.3  m  scanning  monochromator  (McPherson  218)  with  a  30  cm 
focal  length  lens.  Figure  3-5  shows  a  diagram  of  the  apparatus.  The 
aspheric  lens  was  positioned  so  the  focal  plane  (23  mm)  was  located  at 
the  approximate  center  of  the  fluorescence  cell  (Fig.  3-3).  The 
fluorescence  was  dispersed  with  a  grating  blazed  at  600  nm  (1200 
grooves/mm)  and  detected  with  an  end  on  GaAs  PMT  (RCA  C31034A-02).  The 
PMT  was  housed  in  a  chamber  which  was  directly  attached  to  the  exit  port 
of  the  monochromator.  The  chamber  contained  a  1.3  cm  focal  length  lens 
to  image  the  dispersed  fluorescence  onto  the  photocathode. 

The  amplified  PMT  output  was  signal  averaged  with  the  Biomation- 
Nicolet  system  described  previously.  Acceptable  signal-to-noi se  ratios 
were  obtained  by  averaging  the  signals  for  1000-3000  laser  shots.  The 
monchromator  slits  were  6  mm  in  height  and  700  fim  in  width  which  gave  a 
2.0  nm  (FWHM)  instrumental  resolution.  This  resolution  was  adequate  for 
observing  the  temporal  history  of  individual  vibrational  states  without 
band  overlap. 

Time  resolved  vibrational  relaxation  was  studied  as  a  function  of 
both  collision  partner  and  initially  excited  vibrational  level.  The 
collisional  dynamics  following  laser  excitation  of  v*  =  3  and  v'  =  6 
were  investigated  with  the  noble  gases,  F2,  and  N2.  Scaling  of  the  vibra¬ 
tional  energy  transfer  rates  coefficients  on  the  initially  excited  vib¬ 
rational  level  was  examined  using  helium  as  the  bath  gas  for  the  levels 


3  <  v'  <  8. 


energy  transfer  experiments. 


C.  Steady-State  Experiments 

Improvements  in  both  the  flow  system  design  and  the  IF  production 
scheme  were  made  to  examine  IF(3)  energy  transfer  at  base  pressures  which 
approximated  collision-free  conditions.  This  improved  version  attempted 
to  eliminate  a  premature  redistribution  of  the  initial  population  in  a 
given  ro-vibrational  state  resulting  from  collisions  between  IF(B)  mole¬ 
cules  and  residual  gases  (I2,  F2,  and  He  carrier  gas)*. 

1.  IF  Production 

Ground  state  IF(X)  molecules  were  produced  in  a  reaction  involving 
F(2p)  atoms  and  molecular  iodine: 

I2  +  F  — )  IF  +  I  (3-4) 

This  reaction  proceeds  at  a  gas  kinetic  rate  with  a  coefficient  of 
(4.1  1.1)  X  10"10  molecule"^. 35  Fluorine,  F(2p),  atoms  (Boltzmann 

distribution  at  300  K:  ^P3/2,  93  percent;  ^Pi/2»  7  percent)  were  gen¬ 
erated  by  passing  metered  amounts  of  F2  (98  percent  pure)  through  a 
microwave  discharge  (2.45  GHz,  70  W).  The  F2  flow  rate  was  monitored 
with  a  Matheson  linear  mass  flowmeter  and  typically  ranged  from  20  to  37 
SCCM. 

The  fluorine  atoms  were  pumped  from  the  12  mm  (O.D.)  discharge 
tube  into  a  thick-walled  pyrex  flow  tube,  2.5  cm  in  diameter,  as  shown 
in  Fig. 3-6.  The  fluorine  flow  was  subsequently  channeled  toward  the 
fluorescence  cell  through  a  secondary  tube,  1.3  cm  in  diameter,  which 
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was  concentric  with  the  flow  tube.  The  flow  tube  was  evacuated  with  a 
150  CFM  forepump,  and  the  pressures  were  measured  with  an  MKS  monel  capa¬ 
citance  manometer. 

Molecular  iodine  was  injected  by  passing  a  metered  amount  of  helium 
carrier  gas  over  a  reservoir  of  room  temperature  I2  crystals.  The  helium 
flows  ranged  from  14  to  28  SCCM  which  resulted  in  helium  pressures  in  the 
iodine  reservoir  of  10  to  25  Torr,  as  measured  with  a  Wallace  and 
Tiernan  pressure  gauge.  The  12/He  flow  entered  the  flow  tube  through  an 
adjustable  nozzle  (0.64  cm  in  diameter  with  a  0.2  cm  diameter  oriface) 
that  was  placed  through  the  secondary  tube. 

The  optimum  nozzle  placement  was  obtained  by  adjusting  the  nozzle  at 
various  distances  from  a  pinhole  which  separated  the  flow  tube  and  the 
fluorescence  cell.  The  maximum  IF  fluorescence  signal,  under  non¬ 
optimum  flow  conditions,  was  observed  when  the  nozzle  was  placed 
approximately  six  to  seven  mm  from  the  pinhole.  The  F2  flow  was  sub¬ 
sequently  adjusted  until  the  IF  fluorescence  reached  a  maximum.  The 
probe  laser  was  then  tuned  to  an  I2  transition  and,  at  the  flow  where  the 
IF  fluorescence  was  a  maximum,  minimal  I2  fluorescence  was  observed.  The 
optimum  reagent  flows  used  in  these  experiments  resulted  in  flow  tube 
pressures  between  0.1  and  0.2  Torr. 

Under  typical  operating  conditions,  the  F  atom  concentration  was 
estimated  as  2.2  x  10^5  atoms  cm"^  (assuming  no  wall  losses  and  a  75 
percent  dissociation  efficiency  through  microwave  discharging. 36)  The 
remaining  gases  in  the  flow  tube  were  estimated  as  follows: 

[He]  =  2.8  x  10^5  atoms  cm“3,  [I2]  =  7.5  x  10^3  molecules  cm“3^  and 


[F2]  =  7.9  X  10^^  molecules  cm"^.  Since  excess  F  atom  concentrations  were 
used  throughout  these  studies,  the  upper  limit  of  the  IF(X)  number  den¬ 
sity  was  determined  by  the  amount  of  I2  present  in  the  flow  tube. 

Assuming  that  all  the  I2  has  reacted,  the  maximum  IF(X)  number  density 
was  estimated  as  7.5  x  10^3  molecules  cm"^. 

2.  Fluorescence  Cell  Design 

The  fluorescence  cell  was  constructed  from  a  5.1  cm  diameter, 
stainless  steel  cross  and  contained  entrance  and  exit  ports  for  the  gas 
flow  and  two  ports  for  fluorescence  detection.  The  flow  tube  was 
inserted  through  one  arm  of  the  cross  and  positioned  approximately  four 
cm  from  the  center  of  the  cell.  The  flow  tube  and  the  fluorescence  cell 
were  interfaced  with  a  pinhole  through  which  IF  molecules  escaped  into 
the  fluorescence  cell.  The  pinhole  was  conical  in  shape  and  had  a  0.5  mm 
diameter  hole  which  was  drilled  through  a  0.32  cm  thick  stainless  steel 
disk.  The  bath  gas  was  metered  into  the  cell  in  an  arm  prependicul ar  to 
the  flow  direction.  The  bath  gases  included  research  grade  He,  Ne,  Ar, 

Kr,  Xe,  N2,  and  O2. 

The  gas  flow  exited  the  cell  through  a  liquid  nitrogen  cryotrap  to 
prevent  I2,  IF,  and  IF5  contamination  in  the  vacuum  pumps.  The  cell 
was  evacuated  with  a  5.1  cm  diameter,  150  ^-s"^  diffusion  pump,  backed 
by  a  two  stage  rotary  pump  (Welch  1402).  The  entire  cell  interior  was 
coated  with  3M-101-C10  Nextel  Velvet  black  paint  to  reduce  scattered 
laser  light. 

The  cell  pressures  were  sampled  near  the  center  of  the  cross  as 
shown  in  Fig. 3-6.  After  following  the  normal  outgassing  and  helium  leak 


testing  procedures,  the  ultimate  cell  pressure  was  5  x  10“^  Torr  as 
measured  with  a  Varlan  Ionization  gauge.  During  the  experiment,  the  cell 
pressures  were  monitered  with  a  lO"^  to  1.0  Torr,  monel  capacitance  mano¬ 
meter  (MKS  310)  and  typically  ranged  between  2.5  x  lO"^  and  5.0  x  10"^ 
Torr  with  no  bath  gas.  The  lower  limit  of  the  IF(X)  number  density  In  the 
cell  was  estimated  as  4.0  x  10^2  molecules  cm"^  assuming  that  the  ratio 
of  the  partial  pressures  of  He  to  I2  was  the  same  as  In  the  flow  tube. 

The  estimated  residual  background  gases  Included  6  x  10^3  atoms  cm"^  of 
He  and  6  x  lO^^  molecules  cm"^  unreacted  fluorine.  In  practice,  I2  (B->X) 
flourescence  was  observed  when  the  laser  was  tuned  to  an  appropriate  I2 
transition.  (The  spectral  purity  of  the  dye  laser  described  below  allowed 
us  to  easily  discriminate  between  12(8-^  X)  and  IF(B— >X)  emission.)  The 
residual  I2  was  present  because  of  non-stoclometric  flow  conditions. 

3.  Excitation  Source 

Single  ro-vibratlonal  states  In  IF(B)  were  populated  with  a 
single  frequency,  passively  stabilized  ring  dye  laser  (Coherent  CR-699) 
driven  by  a  krypton  Ion  laser  (Coherent  CR-3000K).  The  spectral  purity 
of  the  dye  laser  was  measured  as  less  than  100  MHz  (FWHM)  with  a  Tropel 
240  confocal  Interferometer.  The  dye  laser  wavelengths  were  determined  to 
within  0.01  cm"l  with  a  Burleigh  WM-20  wavemeter.  The  excitation  lines 
were  obtained  by  pumping  Exciton  coumarin  480  dye  (460  nm  £  \  _<  510  nm) 
and  Excitlon  coumarin  515  dye  (477  nm  _<  ^  _<  548  nm).  The  excitation 
wavelengths  were  496.03  nm  and  517.07  nm  which  respectively  populated 
the  (v',  J')  =  (3,  19)  and  (1,  22)  ro-vibratlonal  states  In  IF(B). 

Typical  single  frequency  output  from  the  ring  laser  was  100  mW  and  40 


mW  for  C480  and  C515,  respectively. 

Electronic  quenching  and  vibrational  energy  transfer  were  also 
studied  using  the  flow  system  and  IF  production  scheme  for  the  time- 
resolved  experiments.  The  excitation  source  was  a  Coherent  CR-8 
Ar'*’  laser  which  prepared  the  (v',  J')  =  (6,72)  ro-vibratlonal  state  In 
IF(B)  at  476.5  nm.  The  laser  was  equipped  with  a  temperature 
controlled.  Intracavity  etalon  which  provided  single  frequency  excita¬ 
tion  with  a  llnewldth  of  about  50  MHz  (FWHM).  Typical  output  power  was 
50  mW. 

The  dye  laser  output  was  steered  by  a  series  of  prisms  and  mirrors 
Into  the  fluorescence  cell.  The  laser  beam  entered  the  cell  through  a 
Brewster  angle  window  and  passed  through  a  series  of  light  baffles  to 
reduce  scattered  light  from  reaching  the  cell  Interior.  (The  design  of 
the  laser  axis  and  the  light  baffles  were  the  same  as  that  used  In  the 
pulsed  experiments.)  The  0.75  mm  diameter  laser  beam  was  focused  onto 
the  center  of  the  fluorescence  cell  with  aim  focal  length  lens.  A  48 
percent  loss  In  laser  power  was  measured  as  the  beam  entered  the  cell. 
These  losses  occurred  on  the  surfaces  of  the  mirrors  and  the  Brewster 
angle  windows.  Minimal  losses  occurred  on  the  prism  surface  and  the  lens 
since  both  elements  had  antiref lection  coatings. 

4.  Fluorescence  Detection  and  Data  Processing 

Total  fluorescence  was  captured  by  an  aspheric  lens  (f/0.5) 
which  was  used  to  seal  the  cell  In  one  arm  In  place  of  a  window.  The 
aspheric  lens  was  positioned  so  that  the  focal  plane  (25  mm  focal 
length)  was  approximately  at  the  center  of  the  cell.  A  schematic 
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diagram  of  the  apparatus  is  shown  in  Fig. 3-7.  The  fluorescence  was 
focused  onto  the  slits  of  a  0.3  m  scanning  monochromator  (McPherson 
218,  1200  lines  mm"l  grating  blazed  at  600  nm)  with  a  30  cm  focal 
length  lens.  The  monochromator  showed  the  best  instrumental  resolution 
of  (0.25  nm  (FWHM))  with  optimum  signal  intensity  using  80  ftm  slit' 
widths  when  initially  exciting  v'=  3.  A  reduction  in  signal  intensity 
occurred  when  populating  v'  =  1  from  v"  =  0.  This  was  attributed  to 
lower  laser  power  and  a  small  Franck-Condon  factor  for  absorption. 
Therefore,  to  increase  the  signal-to-noise  ratio,  200  |x,m  slit  widths 
were  used  which  resulted  in  a  0.6  nm  instrumental  resolution.  For  the 
v'=  6  experiments,  good  signal-to-noise  ratios  were  obtained  using  150 /^m 
slit  widths  (0.45  nm  instrumental  resolution). 

The  dispersed  fluorescence  was  detected  with  an  end-on  GaAs  PMT 
(RCA  C31034A-02)  which  was  housed  in  a  cooled  chamber  that  was  directly 
attached  to  the  exit  port  of  the  monochromator.  The  chamber  contained 
a  1.3  cm  focal  length  lens  to  image  the  dispersed  fluorescence  onto  the 
photocathode.  The  PMT  was  cooled  to  253*K  which  resulted  in  a  dark 
count  of  13  s“^  using  a  1400  volt  photocathode  bias. 

The  signals  from  the  PMT  were  observed  on  a  picoammeter  and  typi¬ 
cally  ranged  between  10'^  and  10"^  amps.  Since  low  incident  radiation 
powers  were  detected,  photon  counting  was  necessary  to  observe  the 
spectrally  resolved  fluorescence. 

The  output  of  the  PMT  drove  an  amplifier/discriminator  (PAR  1121), 
and  the  signal  was  measured  with  a  PAR  1112  photon  counter.  Typically, 
0.5  to  1.0  s  count  times  gave  adequate  signal-to-noise  ratios  which 
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increased  the  relative  IF(B-4  X)  LIF  signal.)  The  so  called  "negative" 
Stern-Volmer  plots  such  as  in  Fig.  4-5b  are  thus  indicative  of 
I2  quenching  with  I2  being  consumed  as  the  bath  gas  pressure  is 
increased.  Therefore,  Eq.(4-1)  is  rewritten  as 

r  =rR  +  QtnCM]  +  012^123 

Equation  (4-2)  can  be  used  to  estimate  the  I2  quenching  rate  coefficient 
At  the  previously  defined  baseline  conditions,  the  Stern-Volmer  plot 
intercepts  {[M]  =  0)  typically  yielded  a  decay  rate, Tq.  of  1.7  x  10^ 
s“l  for  3  <  v'£  7.  Subtracting  the  radiative  rates  from  theTo  rates  for 
the  respective  initially  pumped  vibrational  levels,  the  average  residual 
intercept  was  2.5  x  10^  s“^.  An  estimate  of  the  I2  quenching  rate 
constant  was  obtained  using  [I2]  =  6.0  x  10l3  molecules  cm"3.  (This  is 
our  best  estimate  of  [I2]  in  the  chamber  before  any  bath  gas  was  added.) 
The  estimated  I2  quenching  rate  coefficient,  kj2,  is  thus  3.9  x  10“^^ 
cm3  molecule"!  s"!. 

2.  Quenching  by  O2 

While  quenching  with  the  noble  gases,  N2,  and  F2  all  revealed  single 
exponential  fluorescence  decay  curves,  a  difference  was  observed  in  the 
decay  kinetics  with  O2  as  the  bath  gas.  Figure  4-6  shows  results  for  the 
decay  of  IF(B)  fluorescence  following  excitation  of  v'=  4.  A  rapid  ini¬ 
tial  decay  was  observed,  followed  after  a  few/<-s  by  a  slower  decay. 
Analysis  of  these  decay  curves  showed  that  the  decay  behavior  can  be 
approximated  by  the  sum  of  two  exponentials.  Thus,  a  standard  Stern- 
Volmer  analysis  was  made  by  fitting  a  single  exponential  to  the  initial 


In  order  to  interpret  these  observations,  we  consider  the  following. 
According  to  Eq.(2-llc),  the  plot  of  J7  vs  [M]  should  extrapolate  at  zero 
added  bath  gas  pressure  to  give  the  collision  free  radiative  decay  rate, 
Pr,  of  the  initially  prepared  vibrational  level.  However,  the  observed 
Stern-Volmer  plot  intercepts,  To,  were  typically  30  percent  faster  than 
the  known  radiative  decay  rates  (e.g.,  for  v'=6,  T’r  =  1.22  X  105  s-1 
while  we  find  Tq  =  1-63  x  10^  s"l)-  This  result  shows  the  quenching 
effects  of  residual  I2  and  F2  and,  possibily,  self-quenching  by  IF(X). 

In  order  to  assess  these  additional  quenching  terms,  we  modified 
Eq.(2-llc)  to  give  Eq.(4-1). 

P  =  pR  Ql2l^^2^  QifHF]  +  (^"1) 

where  P  is  the  decay  rate,  Pr  is  the  radiative  rate  of  the  initially 
pumped  level,  and  the  rates  on  the  right  side  of  Eq.(4-1)  are  quenching 
rates  by  the  respective  gases. 

At  "baseline"  conditions,  before  the  addition  of  a  bath  gas,  the 
concentrations  of  F2  and  IF(X)  were  estimated  as  4  x  10^'^  molecules  cm"^ 
and  3.3  x  molecules  cm"3,  respectively.  Using  the  measured  F2 
quenching  rate  constant  and  assuming  a  self-quenching  rate  coefficient 
as  large  as  gas  kinetic  (Qjp  =  1.8  x  10"^0  cm^  molecule"^  s"^),  we  find 
that  Qf^EF?]  =  1.8  X  103  s'l  and  Qif[IF(X)]  <  5.9  x  lO^  s"!.  The  respec¬ 
tive  first  order  F2  and  IF(X)  quenching  rates  at  these  base  pressure  con¬ 
ditions  are  two  orders  of  magnitude  less  than  the  radiative  decay  rate 
and  are,  therefore,  negligible.  (Figure  4-5a  specifically  shows  that 
IF(X)  is  a  negligible  quencher  of  IF(B)  because  enhanced  IF(X)  production 


indicated  that  the  reaction  could  be  explained  as  a  bimolecular  encounter 
between  I2  and  F2.  Furthermore,  they  concluded  that  the  reaction  can 
proceed  via  two  branches  with  the  major  branch  forming  I2F  and  the  minor 
branch,  electronically  excited  IF.  Our  results,  in  a  relatively  high 
pressure  flow,  imply  that  a  third  body  may  enhance  the  reaction.  In  a 
similar  flow  experiment,  Birks  et  al.^  also  reported  IF  enhancement  with 
increased  Ar  pressures.  They  concluded  that  the  added  Ar  choked  the  flow 
and,  consequently,  the  residence  time  of  the  I2  and  F2  in  the  cell  was 
increased  which  led  to  a  more  complete  reaction.  We  checked  for  such  gas 
dynamic  effects  in  our  flow  system  but  found  none,  and  we  must  discard 
this  as  the  explanation  for  our  enhanced  IF  production.  Kahler  and  Lee 
also  suggested  that,  in  high  pressure  I2  +  F2  experiments,  secondary 
reactions  (i.e.,  F  +  I2)  may  play  an  important  role  in  forming  IF. 
However,  the  mechanism  of  how  a  third  body  enhances  IF  production  in  a 
high  pressure  flow  system  is  uncertain.  At  present,  we  have  no  definitive 
explanation  for  our  enhanced  IF  production,  but  we  can  use  the  data  in 
Fig.  4-5a  to  infer  an  important  consequence  of  this  phenomenon. 

In  Fig.  4-5a,  we  see  that  the  production  of  IF(X)  first  increases 
then  levels  off  above  375  mTorr  of  added  Ar.  Figure  4-5b  shows  a  Stern- 
Volmer  plot  for  IF(B)  decay  rates  with  Ar  over  the  same  pressure  range  as 
in  Fig,  4-5a.  These  data  imply  that  as  the  reactants  are  consumed  (or, 
equivalently,  as  IF(X)  production  increases)  the  observed  IF(B)  decay 
rate  is  reduced.  At  added  bath  gas  pressures  exceeding  one  Torr,  the 
observed  decay  rates  became  essentially  constant  and  only  an  upper  limit 
to  the  quenching  rate  coefficients  could  be  obtained. 
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added  Ar .  (b)  Stern-Volmer  plot  for  IF(B)  decay  with  increasing  Ar  pressures. 

The  initially  prepared  state  was  (v' ,cJ' )-,=  (3,  22).  The  asymptote  of  the  curve 
approaches  a  value  equal  to  1.45^x  10  s  which  agrees  with  the  known  radiative 
decay  rate,p„,  of  1.44  x  10  s”  . 


was  added,  IF(B)  +  M  collision  frequencies  Increased  and  reduced  the  dif- 
fusional  displacement  of  IF(B)  molecules.  Thus,  a  decrease  In  wall 
quenching  would  be  detected  as  an  Increase  In  the  radiative  rate  or, 
equivalently,  an  Increase  In  the  fluorescence  Intensity  In  cw  experi¬ 
ments.  (This  effect  would  only  be  observed  If  the  bath  gas  was  an  Inef¬ 
ficient  quencher.)  However,  the  diffusion  displacement  that  was  calcu¬ 
lated  In  Appendix  F  under  these  base  pressure  conditions  (  0.16  cm)  was 
too  small  to  account  for  this  effect.  Typically,  diffuslonal  effects 
becom.  significant  for  lifetimes  greater  than  100|as.37 

Because  of  the  reaction  we  chose  for  IF  production,  I2  and  F2  were 
present  In  the  reaction  chamber,  and  both  species  were  potential 
quenchers  of  IF(B).  As  indicated  below,  the  addition  of  a  bath  gas  Into 
the  flow  chamber  enhanced  IF  production  via  the  I2  +  F2  reaction.  As  the 
I2  and  F2  reacted  away,  there  was  less  quenching  caused  by  these  species. 

We  monitored  the  relative  IF(X)  production  as  a  function  of  bath  gas 
pressure  using  cw  LIF  from  an  Ar'*'  laser.  (The  476.5  nm  line  excites  the 
R(71)  line  of  the  (6,0)  band.)  A  typical  plot  Is  shown  In  Fig.  4-5a.  It 
Is  clear  that  the  LIF  signal  Increased  as  Ar  bath  gas  was  added.  The 
functional  dependence  of  IF(B— )X)  chemllumlnscence  from  the  I^  +  F2 
reaction  displayed  a  similar  behavior.  Both  of  these  results  Indicate  an 
enhanced  production  of  IF  as  the  bath  gas  pressure  was  Increased. 

However,  the  mechanism  for  the  Increase  In  the  IF  concentration  Is 
unclear.  It  Is  Important  to  emphasize  that  the  reaction  of  I2  with  F2  Is 
a  complicated  process  that  has  received  considerable  attention  In  the 
literature.  In  recent  molecular  beam  experiments,  Kahler  and  Lee^^ 
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TABLE  4-1.  IF(B)  quenching  rate  constants  by  F2, 


Vi' 

QF2(10"^2  molecule"^  s"M 

3 

3.4  +  0.5 

6 

4.5  +  0.6 

7 

5.2  +  0.4 

Stern-Volmer  plot  assumed  the  typical  behavior  described  by  Eq.(2-llc). 
Similar  trends  were  observed  in  the  Stern-Volmer  plots  for  the  other 
noble  gases  and  N2.  The  quenching  rate  constants  were,  therefore, 
extracted  in  the  high  pressure  limit  of  these  plots.  An  upper  limit  for 
the  IF{3)  quenching  rate  constant  by  the  noble  gases  and  N2  was  deter¬ 
mined  as  1  X  10"^'^  cm^  molecule'^s"^.  These  quenching  rate  constants  were 
independent  of  vibrational  quantum  level  for  3  £  v'  £  8. 

The  cw  quenching  data  showed  analogous  behavior  as  seen  in  Fig. 
4-4.  An  increase  in  the  fluorescence  intensity  was  observed  as  one  Torr 
He  was  added  which  indicated  an  increase  in  the  number  of  fluorescing 
IF(3)  molecules.  At  He  pressures  greater  than  one  Torr,  the  relative 
intensities  assumed  the  typical  quenching  behavior.  The  rate  constants 
were  extracted  in  the  high  pressure  limit  of  such  plots;  and  the  upper 
limit  for  the  noble  gas  quenching  coefficients  were  determined  as 
2  x  10“^^  cm^  molecule"^  s"^. 

It  may  be  argued  that  diffusional  migration  of  IF(B)  from  the  obser¬ 
vation  region  resulted  in  the  detection  of  shortened  lifetimes  through 
collisional  quenching  with  the  containment  vessel. As  the  bath  gas 


B)  total  fluorescence  decay  curve  and  the  corresponding  logarit 


IV.  RESULTS 


A.  Electronic  Quenching 

1.  Quenching  by  Noble  Gases,  N2.  ^2*  ^2 

Figure  4-1  shows  an  example  of  an  IF(B)  total  fluorescence  decay 
curve  subsequent  to  excitation  of  v'=  3  with  0.161  Torr  of  added  H6. 

The  lower  curve  in  this  figure  is  the  corresponding  logarithmic  plot.  The 
logarithmic  decays  were  linear  over  the  10  f^s  time  scale  for  all  the  bath 
gases.  The  correlation  coefficients  for  the  single  exponential  fits  were 
typically  greater  than  0.98. 

The  decay  rates,  P,  for  a  series  of  10  to  15  pressures  were  deter¬ 
mined  from  the  logarithmic  plots  and  inserted  into  Eq.(2-llc)  to  extract 
the  quenching  rate  constants.  A  sample  Stern-Volmer  plot  is  depicted  in 
Fig.  4-2  for  excitation  of  (v',  J')  =  (7,  24).  The  bath  gas  was  F2.  A 
summary  of  the  F2  quenching  coefficients  for  initial  excitation  of 
v'=  3,  6,  and  7  is  listed  in  Table  4-1.  As  seen  in  this  table,  the 
values  showed  a  slight  dependence  on  IF{B)  vibrational  quantum  number. 
However,  there  was  no  deviation  as  a  function  of  rotational  quantum 
number  upon  exciting  J'=  5,  24,  and  55  in  both  v'=  6  and  7. 

An  unusual  effect  was  observed  in  the  Stern-Volmer  plots  for  the 
noble  gases  and  N2.  Figure  4-3  shows  an  example  of  the  IF(B)  fluorescence 
decay  behavior  for  He  bath  gas.  As  seen  in  this  figure,  the  observed 
decay  rate  decreased  with  increasing  He  pressures.  This  trend  was  not 
characteristic  of  a  traditional  quenching  behavior  where  an  increase  in 
the  observed  decay  rate  was  expected  with  increasing  bath  gas  pressures. 
As  the  partial  pressure  of  He  was  increased  to  greater  than  one  Torr,  the 


ranged  from  4:1  for  extremely  weak  signals  to  150:1  for  the  most 
intense  signals.  The  photon  counter  was  interfaced  to  a  POP  11/V03  com¬ 
puter  which  stored  the  raw  data  on  floppy  disk  for  subsequent  data  ana¬ 
lysis.  A  hard  copy  of  the  fluorescence  spectra  was  also  obtained  by 
recording  the  analog  signal  from  the  photon  counter  on  a  strip-chart 
recorder  (HP  7100  BM).  (The  raw  data  were  amplified  (PAR  113 
preamplifier)  and  conditioned  (PAR  189  selective  amplifier)  before 
being  displayed  on  the  strip-chart  recorder.) 

A  second  PMT  (RCA  4832)  was  attached  directly  to  the  observation 
window  of  the  fluorescence  cell  to  monitor  the  stability  of  the 
fluorescence  intensity.  The  PMT  detected  total,  spectrally  unresolved 
fluorescence  through  various  long  pass  filters  which  were  used  to  eli¬ 
minate  detection  of  the  pump  wavelengths.  The  output  was  measured  on  a 
picoammeter  (Keithly  430)  and  displayed  on  the  strip-chart  recorder. 
Frequency  shifts  in  dye  laser  due  to  drift  or  mode-hopping  were  easily 
noticed  as  a  drastic  diminution  in  fluorescence  intensity. 

The  determination  of  the  energy  transfer  rate  constants  required 
accurate  relative  intensity  measurements  of  vibrational  or  rotational 
bands.  Therefore,  the  light  collection  efficiency  of  the  fluorescence 
detection  system  was  measured  to  provide  a  wavelenghth  dependent  correc¬ 
tion  factor.  This  procedure  is  discussed  in  Appendix  H. 
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Figure  3-7.  Block  diagram  of  the  apparatus  used  in  the  cw  energy  transfer 
experiments . 


and  late  sections  of  the  decay  curves,  and  plotting  these  rates  against 
bath  gas  pressure  to  obtain  the  rate  constants,  Qf  and  Qs.  respectively. 
Examples  of  the  Stern-Volmer  plots  are  shown  in  Fig.  4-7. 

The  rate  constnat,  Qf,  for  IF(B)  depletion  at  short  times  was  deter¬ 
mined  as  (8.27  1.4)  x  lO"!^  cm^  molecule"^  s“^.  A  weak  dependence  of 

Qf  on  v-j'  was  observed  but  experimental  uncertainties  prohibited  an 
accurate  determination  of  this  dependence.  (For  example,  the  quenching 
rate  coefficient  at  short  times  was  measured  as  1.0  x  10"^^  cm^ 
molecule"!  s"!  in  v'=  4,  while  Qf  =  7.0  x  lO"!^  cm^  molecule'^s"!  in 
v'=  3.)  The  rate  constant,  Q5,  determined  at  long  times  was 
(1.41  0.15)  X  10"!2  molecule"!  s"!.  This  rate  coefficient  was  inde¬ 

pendent  of  the  vibrational  energy  level. 

There  are  several  possible  explanations  for  the  kinetic  behavior 
observed  in  the  O2  quenching  studies.  Clyne  et. al .  observed  analogous 
behavior  in  the  time  resolved  B  state  fluorescence  of  BrF^^  and  BrCl^®. 

In  their  work,  initial  fast  decays  were  followed  by  a  slower  decay.  They 
attributed  this  behavior  to  B  state  thermal ization  which  red  shifted  the 
fluorescence.  This  fluorescence  red  shift  was  due  to  emission  originating 
from  the  lower  vibrational  levels  which  were  being  collisionally  popu¬ 
lated.  Clyne  et.al .  used  various  color  filters  and  a  PMT  whose  response 
curve  became  weak  in  the  red  end  of  the  visible  spectrum.  Thus,  the  sen¬ 
sitivity  was  much  greater  for  fluorescence  originating  from  the  initially 
excited  levels  than  for  the  thermalized  levels.  Thermal ization  was 
observed  as  a  rapid  reduction  in  the  fluorescence  from  the  initially 
pumped  level.  As  thermal ization  became  more  complete,  the  observed  decay 
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rate  slowed  because  of  the  shift  toward  the  red  part  of  the  visible 
spectrum  where  the  PMT  was  less  efficient.  The  initial  decay  at  short 
times  was  attributed  to  vibrational  relaxation,  while  the  decay  at  long 
times  was  due  to  electronic  quenching. 

This  interpretation  is  not  valid  in  the  present  work  since  the  PMT 
had  a  flat  response  over  the  entire  emission  range  of  any  v'  level  in 
IF(B).  In  addition,  Clyne  et.al .  observed  this  behavior  for  rare  gases 
while  no  such  behavior  was  seen  for  any  rare  gases  in  this  study. 

A  second  possible  explanation  is  the  energetically  allowed  process 

IF(B)  +  02(X) — >  IF(A)  +  02(X;v"  >  0)  (4-3) 

Chemiluminescence  from  the  IF  (A->X)  system  has  been  reported^  from  500 
to  800  nm  which  is  in  the  range  of  the  PMT  used  in  this  work.  Time 
resolved  emission  from  two  electronic  states  of  IF,  each  having  two  dif¬ 
ferent  lifetimes,  would  display  a  double  exponential  behavior.  One  would 
expect  the  Stern-Volmer  plots  to  yield  purely  radiative  decay  rates  for 
the  two  states  at  the  zero  presence  intercepts.  As  seen  in  Fig.  4-7, 
however,  the  intercepts  at  long  and  short  times  are  comparable.  The 
problem  with  this  explanation  is  that  the  A37r(l)  state  should  be  much 
more  metastable  than  the  b37T(0‘'’)  state.  This  is  indeed  what  is  observed 
in  the  analogous  Br2  and  ICl  systems  where  A  state  lifetimes  were  found 
to  be  on  the  order  of  hundreds  of  microseconds. The  present  results 
strongly  suggest  that  the  observed  emission  at  both  short  and  long  times 
is  due  solely  to  B  state  decay. 

The  most  plausible  explanation  is,  in  a  sense,  a  combination  of  the 
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two  given  above.  The  O2  quenching  mechanism  could  proceed  via  an  E->  E 
process  where  02(Mg)  molecules  are  formed  via  reaction  (4-4). 

IF(B)  +  02{X) IF(A')  +  02(lAg)  (4-4) 

The  reverse  process  has  been  suggested  as  being  important  in  the  chemical 
pumping  of  IF(B)  by  02(^/)g).^^  The  A'37r(2)  state  is  estimated  to  have  a 
potential  minimum  as  low  as  13500  cm'^.43  if  this  were  the  case,  IF(B)- 
02(X)  collisions  could  result  in  a  near  resonant  process  following  excita 
tion  of  v'>  3  in  IF(B).  The  energy  difference  involved  in  a  B->A'  tran¬ 
sition  is  estimated  to  be  about  7800  cm~l  which  is  adequate  for  forming 
02(^Ag)-  Therefore,  the  rate  constant,  Qf,  determined  at  short  times  may 
be  due  to  E— >E  energy  transfer  between  IF(B)  and  02(X).  The  slower  rate 
constant,  Q5,  determined  at  longer  times  may  then  be  attributed  to  "true" 
electronic  quenching  of  IF(B). 

It  may  also  be  argued  that  IF(B)  -  02(X)  collisions  could  populate 
high  vibrational  levels  (v"  >  20)  in  IF(X).  But,  by  the  Franck-Condon 
principle,  these  transitions  would  most  probably  be  disallowed  due  to 
extremely  smal 1  vibrational  band  overlaps. 

This  proposed  mechanism  satisfactorily  accounts  for  the  similarities 
in  the  zero-pressure  intercepts  that  were  obtained  in  both  the  noble  gas 
and  N2  quenching  studies,  and  those  obtained  from  an  analysis  of  O2 
quenching  at  long  and  short  times.  This  process  may  also  explain  the  weak 
dependence  of  Qf  on  vi'.  As  lower  vibrational  levels  in  IF(B)  are  colli- 
sionally  populated,  subsequent  O2  collisions  would  be  less  effective  in 
producing  02(^Ag)  since  the  energy  difference  bewteen  IF(B;  v')  and 
IF(A')  would  be  insufficient  to  provide  the  required  energy. 


3,  Quenching  by  H2O 

Figure  4-8  shows  examples  of  total  IF(B)  fluorescence  decays  with 
H2O  as  the  bath  gas  subsequent  to  laser  excitation  of  v'=  4.  The  IF(B) 
decays  were  well  approximated  by  a  double  exponential.  The  quenching  data 
were  recorded  on  both  a  5  fxs  and  20 /x-s  time  scale  to  determine  the'decay 
rates  F-j  and  Fd  at  short  and  long  times,  respectively.  The  decay  rates 
were  determined  by  fitting  a  single  exponential  to  each  portion  of  the 
fluorescence  decay  curve.  The  respective  rate  constants,  Q-j  and  Qd,  were 
then  obtained  using  the  standard  Stern-Volmer  analysis. 

An  analysis  of  the  initial,  fast  decay  gave  an  average  quenching 
rate  constant,  of  (2.4  _+  .7)  x  cm^  molecule'^s'F  This  rate 

constant  had  a  weak  dependence  on  the  vibrational  quantum  number,  ranging 
from  1.9  X  cm^  molecule"^s“^  for  v'=  3  and  4  to  3  x  10”^^  cm^ 

molecule'^s"^  for  v'=  5  and  6.  In  contrast,  Qd  showed  a  stronger  depen¬ 
dence  on  the  vibrational  quantum  number.  The  respective  quenching  rate 
constants  for  v'  =  4,  5,  and  6  were  (1.8  ^  0.4)  x  lO"^^  cm^  molecule"^ 
s"l,  (3.9  ^  .9)  X  10"^2  cm^  molecule"^  s"^,  and  (7.6  ^  1.6)  x  lO"^^  cm^ 
molecule"^  s“F 

A  qualitative  examination  of  H2O  quenching  was  made  by  spectrally 
resolving  the  IF(B)  fluorescence  to  possibly  interpret  the  quenching 
mechanism.  These  studies  began  at  high  base  pressures,  typically 
0.30-0.40  Torr  with  no  added  H2O.  Figure  4-9a  shows  the  temporal  history 
of  both  the  initially  populated,  v'=  4  state  and  the  col  1 isional ly  popu¬ 
lated  vibrational  level,  v'=  3,  both  in  the  absence  of  H2O.  Figure  4-9b 
shows  the  temporal  histories  of  the  same  vibrational  levels  with  15  mTorr 


of  added  H2O.  The  initial,  v'=  4  state  exhibited  an  increase  in  the  decay 
rate  which  was  characteristic  of  electronic  quenching.  In  contrast, 
fluorescence  emission  from  v'=  3  decreased  by  a  factor  of  two  as  seen 
in  Fig.  4-9b.  Emission  from  v'=  2,  1,  and  0  was  also  negligible,  being 
indistinguishable  from  the  baseline  noise.  These  results  suggested  that 
the  population  loss  occurred  in  either  v'=  3  or  v'=  2  through  non- 
radiative  decay.  A  near  resonant  energy  exchange  between  IF(B;  v'=  2  or  3 
and  H2O  may  provide  the  depletion  pathway.  Similar  results  were  also 
obtained  after  exciting  v'=  3,  5,  and  6. 

These  results  may  possibly  be  interpreted  as  follows.  The  ground 
electronic  state  of  H2O  contains  numerous  vibrational  transitions  which 
may  be  resonant  with  the  energy  released  in  the  decay  of  IF(B)  to  an 
unspecified,  lower  electronic  state.  Thus,  IF(B)  depletion  at  short  times 
may  be  due  to  an  E V  energy  exchange  at  short  times.  This  process  is 
expected  to  be  rapid  if  the  transfer  process  is  resonant.  The  slower 
kinetic  process  would  subsequently  be  detected  at  long  times,  and  may 
possibly  be  attributed  to  "true"  IF(B)  quenching  by  H2O. 

C.  Vibrational  Relaxation:  Time-Resolved  Results 

Figure  4-10  shows  decay  curves  that  were  obatined  in  the  time 
resolved  vibrational  relaxation  experiments.  Figure  4-lOa  shows  the  decay 
from  the  initially  prepared  v'=  3  state,  while  Fig.  4-lOb  shows  the  time 
histories  of  the  col  1 isional ly  populated  levels,  v'=  2  and  4. 

The  first  order  vibrational  transfer  rates,  K(m,n),  were  extracted 
from  the  spectra  using  the  Montrol 1-Shuler  model  described  in  Chapter  II. 
The  numerical  routine  required  an  initial  value  for  the  relaxation  rate. 


A  nonlinear  regression  fit  to  the  data  was  made  with  the  rate  constant 
being  internally  adjusted  until  a  reasonable  fit  was  found. The  fitting 
routine  was  not  very  sensitive  to  the  choice  of  the  initial  guess. 
Problems  may  occur  if  the  initial  rate  differed  by  an  order  of  magnitude 
from  the  actual  rate,  but  no  support  of  this  situation  has  yet  been 
observed.  Figure  4-11  shows  two  examples  of  the  results  of  this  numerical 
procedure. 

The  validity  of  Eq.(E-5)  for  analyzing  vibrational  relaxation  in  IF 
was  examined  by  generating  some  synthetic  data,  fitting  the  equation  to 
the  data,  and  extracting  the  rate  constants. Doing  this,  it  was  found 
that  the  rates  obtained  from  the  fit  were  within  one  percent  of  those 
that  were  used  to  generate  the  data.  If  we  generate  data  which  is  con¬ 
sistent  with  the  assumptions  used  to  derive  Eq.(E-5),  then  the  error 
drops  to  1  part  in  10^,  and  represents  the  accuracy  of  the  numerical  pro¬ 
cedure.  The  one  percent  error  obtained  in  the  above  model  is,  therefore, 
a  real  effect  and  represents  the  error  inherent  in  the  model. 

As  shown  in  the  development  of  the  Montroll-Shuler  solution,  con¬ 
current  radiative  effects  were  included  by  multiplying  the  analytic  solu¬ 
tion  by  a  factor  of  exp(-rt),  where  F  is  the  sum  of  the  radiative  and 
quenching  rates.  This  average  lifetime  introduced  negligible  error  in  the 
the  rate  constants  for  theAv  =  +^1  transitions  since  the  lifetimes  did 
not  vary  by  more  than  five  percent  from  the  initially  populated  level. 

Tests  were  made  on  the  goodness  of  the  fits  by  varying  the  decay 
rate  r  through  an  alteration  in  the  quenching  rate  constant.  The  test 
case  was  for  an  F2  bath  gas  where  the  quenching  rate  constant  was  changed 
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from  4  X  lO"^^  cm^  molecule"^  s"^  to  1  x  10“^^  cm^  molecule"^  s"^  at  a 
pressure  of  1.0  Torr  (t.e.,  F  was  changed  from  2.7  x  10^  s"^  to 
1.4  X  10^  s'^).  The  results  showed  that  the  rate  constants  differed  by 
less  than  15  percent  for  a  two  order  of  magnitude  change  In  the  quenching 
rate  constant.  Therefore,  systematic  errors  In  the  measurement  of  the 
quenching  rate  constants  did  not  affect  the  accuracy  of  the  fitting 
routine  used  to  extract  the  relaxation  rate  coefficients. 

The  first  order  vibrational  relaxation  rates,  K(m,  n)  that  were 
obtained  by  fitting  the  data  as  shown  In  Fig.  4-10  are  of  two  types.  The 
fluorescence  decay  curve  shown  In  Fig.  4-lOa  gives  the  rate  of  total 
removal  from  the  Initially  prepared  state  to  all  other  vibrational 
levels.  The  time  history  of  the  colllslonally  populated  "satellite" 
band  Is  displayed  In  Fig.  4-lOb.  As  discussed  In  Appendix  D,  the  rising 
exponential  corresponds  to  the  rate  at  which  the  level  is  populated  from 
the  "parent"  state,  while  the  decreasing  exponential  gives  the  rate  of 
population  removal  from  the  observed  "satellite"  band.  Thus,  two  rate 
constants  are  extracted  from  spectra  such  as  In  F1g.  4-lOb:  the  state- 
to-state  transfer  rate  Into  the  level,  and  the  total  removal  rate  coef¬ 
ficient  out  of  the  colllslonally  populated  state. 

The  second  order  rate  constant,  k(m,  n).  Is  obtained  by  plotting 
K(m,  n)  as  a  function  of  bath  gas  pressure.  Figure  4-12  shows  an  example 
of  such  a  plot  for  the  colllslonally  populated,  v'=  2  state.  Thermally 
averaged  cross  sections  were  also  calculated  using  Eq.(4'5). 

(T  =  k(7r/V8<iT)l/2  (4.5) 
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where  fx  is  the  reduced  mass  of  the  IF  and  bath  gas  system,"^  is  Boltzmann's 
constant,  and  T  is  the  gas  temperature.  The  total  removal  rate  constants 
and  the  corresponding  cross-sections  are  summarized  in  Table  4-2.  The 
state-to-state  values  are  listed  in  Table  4-3.  The  errors  quoted  in  these 
tables  are  (Icr)  from  the  mean  and  represent  the  inherent  statistical 
uncertainties  in  the  data. 

Note  that  the  zero  bath  gas  intercepts  in  Fig.  4-12  are  unusually 
large.  At  M  =  0,  the  intercepts  in  this  figure  should  extrapolate  to  zero 
since  no  relaxation  from  v'=  3  occurrs  at  these  bath  gas  pressures. 
Typically,  the  zero-pressure  intercepts  ranged  from  1.5  x  10“^  s"^  to 
5.5  x  10^  s“^.  (These  values  were  obtained  after  subtracting  off  both 
the  radiative  decay  rate  and  the  average  IF(B)  quenching  rate  by  I2.) 

These  values  showed  a  possible  dependence  on  vibrational  quantum  number 
from  v'=  3  to  v'=  8,  and  indicated  the  rapidity  of  vibrational  relaxation 
by  residual  I2.  (The  contributions  from  F2  and  IF(X)  were  previously 
shown  to  be  unimportant  in  the  quenching  studies.  Using  the  estimated 
I2  concentration  defined  previously,  the  approximate  vibrational  energy 
transfer  rate  constant  due  to  I2  was  estimated  as  1.7  x  lO"^^  cm^ 
molecule"^  s"^* 

C.  Vibrational  Transfer:  CW  Results 

Figure  4-13  shows  a  portion  of  a  cw  fluorescence  spectrum  to 
illustrate  the  population  evolution  of  the  initial  IF(B;v'=  3)  distribu¬ 
tion  in  the  presence  of  He.  At  zero  added  He  pressure  (Fig.  4-13a),  the 
spectrum  primarily  consists  of  emission  from  the  initially  prepared 
state,  (v',J')  =  (3,  22).  Emission  from  the  collisionally  populated. 
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TABLE  4-2.  Total  vibrational  removal  rate  constants  and  the 

corresponding  cross  sections  obtained  In  the  pulsed 
experiments.  The  rate  constants  and  cross  sections  have 
units  of  cm^  molecule"^  s“^  and  cm^,  respectively. 

The  errors  are  ItT  from  the  mean. 


Vibrational 

Level 


(3.9  +  0.5)  X  10-12 

(6.6  +  0.9)  X  10-12 

(9.0  +  1.3)  X  10-12 
(1.2  +  0.2)  X  10-11 

(1.4  +  0.2)  X  10-11 

(1.6  +  0.2)  X  10-11 

(2.3  +  0.4)  X  10-11 

(1.1  +  0.1)  X  10-12 

(2.2  +  0.2)  X  10-12 
(3.3  +  0.5)  X  10-12 

(1.9  +  0.4)  X  10-12 
(2.8  +  0.3)  X  10-12 
(4.0  +  0.7)  X  10-12 

(3.7  +  0.7)  X  10-12 
(4.7  +  0.6)  X  10-12 


(3.1  +  0.4)  X  10-17 

(5.2  +  0.7)  X  10-17 

(7.0  +  1.0)  X  10-17 

(9.3  +  1.6)  X  10-17 

(1.1  +  0.2)  X  10-lS 

(1.2  +  0.2)  X  10-16 

(1.7  +  0.3)  X  10-16 

(1.8  +  0.2)  X  10-17 

(3.7  +  0.4)  X  10-17 

(5.5  +  0.8)  X  10-17 

(3.6  +  0.8)  X  10-17 

(5.5  +  0.6)  X  10-17 

(7.7  +  1.4)  X  10-17 

(8.2  +  1.5)  X  10-17 

(1.0  +  0.1)  X  10-16 
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TABLE  4-3.  State-to-state  vibrational  transfer  rate  constants  and 
corresponding  cross  sections  obtained  In  the  pulsed  exp¬ 
eriments.  The  rate  constants  and  cross  sections  have 
units  of  cm^  molecule"^  s“^  and  cm^,  respectively. 

The  errors  are  1(5"  from  the  mean. 


VI  Vf 


k(v^,  Vf) 


cr(v^,  Vf) 


(5.9  +  0.6)  X  10-12  (4.6  +  0.5)  X  10-17 
(1.0  +  0.1)  X  10-12  (8.1  +  1.1)  X  10-18 
(8.4  +  0.8)  X  10-12  (6.6  +  0.6)  X  10-17 
(1.7  +  0.2)  X  10-12  (1,3  +  0.2)  x  10-17 
(1.1  +  0.2)  X  10-11  (8.8  +  1.4)  X  10-17 
(1.9  +  0.3)  X  10-12  (1.5  +  0.2)  X  10-17 
(1.3  +  0.2)  X  10-11  (1.1  +  0.2)  X  10-18 


(2.2  +  0.3) 
(1.4  +  0.2) 


X  10-12 
X  10-11 


(2.5  +  0.4)  X  10-12 


(1.8  +  0.3) 

(4.0  +  0.8)  X  10-11  (3.1  +  0.6)  X  10-18 

(1.4  +  0.2)  X  10-12  (2.4  +  0.4)  x  10-17 

(5.5  +  0.8)  X  10-13  (9.2  +  0.1)  x  10-18 

(2.8  +  0.6)  X  10-12  (5,4  +  1,2)  x  10-17 

(4.2  +  0.5)  X  10-12  (8,0  +  1.0)  X  10-17 

(5.8  +  0.5)  X  10-12  (1,3  +  0.1)  x  10-18 


X  10-11 

X  10-11 


(1.7  +  0.3) 

(1.1  +  0.2) 

(2.0  +  0.3) 
(1.4  +  0.2) 


X  10-17 
X  10-18 
X  10-17 
X  10-18 


v'=  2  state  is  also  noticable.  The  residual  He  in  the  cell  was  previously 
estimated  as  6  x  10^^  atoms  cm~3  and  may  be  responsible  for  this  initial 
population  redistribution.  However,  residual  I2  was  also  observed  in  the 
chamber  prior  to  the  addition  of  the  bath  gas  as  discussed  in  Chapter  III. 
As  shown  in  the  time  resolved  experiments,  the  presence  of  residual  I2 
forms  a  kinetically  active  background  which  may  affect  the  B  state  popu¬ 
lation  distribution.  Therefore,  it  is  unclear  whether  this  redistirbution 
is  due  to  residual  He  or  residual  I2.  We  can  only  conclude  that  this 
initial  redistribution  is  due  to  both  species.  Typically,  the  population 
in  v'=  2  was  less  than  one  percent  of  the  total  B  state  population  at 
base  pressure  conditions,  and  represented  a  negligible  perturbation  in  the 
initial  B  state  population.  The  emission  from  the  v'=  3  level  also  shows 
the  characteristic  P-R  doublet  structure  originating  from  the  initial  J' 
level . 

As  the  He  pressure  is  increased  to  400  mTorr  (Fig.  4-13b),  a 
substantial  number  of  molecules  have  been  transferred  to  other  vibra¬ 
tional  levels,  even  though  there  remains  a  noticable  emission  from  v'=  3. 
Also,  the  characteristic  P-R  doublet  structure  from  the  initial  J'  level 
has  disappeared  resulting  in  the  formation  of  a  well  defined  band  head. 
This  indicates  a  significant  rotational  redistribution  in  v'=  3. 

The  fluorescence  emission  spectra,  such  as  in  Fig.  4-13,  were  used 
to  extract  the  relative  vibrational  population  distribuions  by  deter¬ 
mining  the  area  under  each  vibrational  band.  This  procedure  is  detailed 
in  Appendix  I.  Vibrational  bands  used  in  this  analysis  were  chosen  based 
on  their  large  Franck-Condon  factors  and  isolated  positions  which  pre- 


vented  band  overlap.  Typically,  three  to  four  spectra  were  obtained  for 
each  v'  level  which  allowed  us  to  make  consistency  checks  on  the  relative 
population  determinations. 

The  area,  Ay'^v''  of  an  Isolated  band  (v',v")  Is  related  to  the  popu¬ 
lation  of  the  v'  level,  N^',  through  the  equation 

Av “  C  Ny*  ^oC (l^)  ( A -6 ) 

where  qv',v"  Franck-Condon  factor, Is  the  transition  frequency, 

C  Is  a  constant,  andot(v)  Is  the  relative  efficiency  of  the  detection 
system  (see  Appendix  H).  The  transition  frequencies  were  taken  at  the 
band  heads  of  the  vibrational  transitions  while  the  values  of  qv',v" 
obtained  from  the  RKR  potentall  calculations  of  Clyne  and  Me  Dermid.® 

Using  Eq.(4-6),  we  calculated  the  relative  vibrational  populations 
at  various  bath  gas  pressures.  Figure  4-14  shows  an  example  of  this  ana¬ 
lysis  where  the  relative  populations  were  calculated  from  the  transfer 
spectra  like  those  shown  In  Fig.  4-13  by  determining  the  ratios  N(v')/N. 
The  frame  with  no  added  He  shows  only  emission  from  the  Initially  pre¬ 
pared,  v'=  3  level.  (The  relative  population  of  v1brat;onal  levels  colH- 
slonally  populated  due  to  IF(B)-l2/He  collisions  are  not  shown  since 
these  populations  were  less  than  one  percent  of  the  total  B  state  number 
density.)  As  He  Is  added,  the  v'=  3  population  Is  redistributed  forming 
col  1 Islonal ly  populated  satellite  bands.  The  redistribution  favors  the 
population  of  the  lower  vibrational  levels  with  the  population  In  v'=  4 
never  exceeding  five  percent  of  the  total  B  state  number  density  at  the 
highest  pressure. 
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The  values  of  the  relative  populations,  N(v')/N  and  N(v' )/N( v^ ' ) , 
were  inserted  into  Eqs.(2-7b)  and  (2-8b)  to  extract  the  rate  constants. 

As  discussed  in  Chapter  II,  Eqs.(2-7b)  and  (2-8b)  were  developed  by 
including  a  rate  describing  electronic  quenching  and  vibrational  transfer 
by  background  gases.  The  best  estimates  for  these  rate  constants 
(obtained  from  the  zero  pressure  intercepts  in  the  pulsed  experiments) 
for  insertion  into  these  equations  were: 

v'  =  1  RbN5^1.0  X  10'^  s“^ 

V  =  3  RbNb'-3.6  X  10^  s-1 

v'  =  6  RbNb^1.8  X  10^  s"l 

Figure  4-15  shows  the  plots  of  Eqs.(2-7b)  and  (2-8b)  for  extracting  the 
vibrational  transfer  rate  constants  with  He  as  the  bath  gas.  The  rate 
constants  are  obtained  from  the  slope  of  these  plots,  and  the  error  bars 
shown  in  this  figure  are  due  to  systematic  uncertainties.  (See  Appendix  J 
for  a  discussion  of  the  errors.) 

The  correlation  coefficients  for  the  plots  which  showed  linear 
behavior  were  greater  than  0.96.  Back-transfer  correction  calculations  to 
these  rate  constants  showed  a  negligible  deviation  (_<  7%)  from  the  rate 
constants  originally  extracted  from  these  plots.  The  lack  of  curvature  in 
the  plots  was  another  indication  that  vibrational  back  transfer  was 
absent.  This  result  is  rather  surprising  since  multiple  collisions  (i.e., 
radiative  rate  is  less  than  the  collision  frequency)  are  dominant  at  the 
pressures  used  in  this  study.  (For  example,  with  Phc  =  -100  Torr, 

IF(P)  -He  collisions  occur  at  a  rate  of  1.3  x  10^  s"l.)  The  values  of  the 


epresent  the  estimated  systematic  uncertaint 


vibrational  relaxation  rate  constants  along  with  the  corresponding  cross 
sections  calculated  from  Eq.(4-5)  are  collected  in  Table  4-4.  The  errors 
quoted  in  this  table  are  due  to  systematic  uncertainties  in  the  data. 

D.  Multiple  Quantum  Vibrational  Transfer 

For  the  following  discussion,  multiple  quantum  vibrational 
transfer  is  defined  as  an  exchange  of  two  or  more  IF(B)  vibrational 
quanta  with  translational  energy  of  the  bath  gas  in  a  single  V-T  colli¬ 
sion.  As  shown  below,  the  cw  vibrational  relaxation  data  indicate  that, 
to  within  experimental  error,  the  magnitude  of  the  A v  =  -2  rate  constants 
are  less  than  11  percent  of  the  respective  total  removal  rate  constants 
for  each  bath  gas.  However,  the  time  resolved  data  indicate  that  multiple 
quantum  transfer  may  not  be  important. 

In  the  cw  studies,  the  possible  presence  of  multiquantum  transfer  is 
examined  using  Eq.(2-8b)  which  is  reproduced  below. 

N(vf)/N(v-i)  =  k(v-i.Vf)'M/[l  +  (Qm'+kv')M+RB'NB]  (2-8b) 

where  vf  =  v-|  n  (n  =  2,3,4...).  Figure  4-16  shows  an  example  of  a  plot 
of  Eq.(2-8b)  corresponding  to  a  Av'=  -2  change  in  v^'.  The  bath  gas  is 
Ar  and  the  initially  prepared  state  is  v'=  3.  The  best  fit  to  the  data 
was  obtained  using  a  linear  regression  analysis.  Similar  plots  were 
obtained  with  the  other  bath  gases.  The  rate  constants,  k(3,l),  which 
were  obtained  from  the  slopes  of  such  plots  are  collected  in  Table  4-5. 

Analyses  of  the  v'=  0  data  were  also  made  using  Eq.(2-8b)  in  the 
v'=  3  excitation  studies.  However,  we  could  not  make  meaningful  conclu¬ 
sions  from  the  Stern-Volmer  plots  because  erratic  behavior  was  observed 
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TABLE  4-7.  Total  rotational  relaxation  rate  constants  and 

corresponding  cross  sections.  The  errors  are  {Icf} 
from  the  mean. 


GAS 

He 

Ne 

Ar 

Kr 

Xe 

N2 


kf-  (10"^^  cm^  molecule"^  s"M 
9.67  +  1.30 
9.80  +  2.00 
10.80  +  1.65 
12.50  +  1.43 
11.20  +  1.30 
11.00  +  1.95 


0"r  (10-15  cm2) 
0.76  +  .10 
1.64  +  .33 
2.41  +  .36 
3.63  +  .42 
3.69  +  .43 
2.13  +  .38 


method  for  determining  this  ratio  1s  detailed  In  Appendix  I.  Vibrational 
backtransfer  corrections  were  not  applied  to  the  data  since  this  effect 
was  negligible  In  the  cw  vibrational  transfer  experiments.  The  plot  of 
Eq.(2-9b)  Is  shown  In  Fig.  4-20,  where  P'=  ?/[  1  +  (Q^p'  +  ky')P  +  Rg'Ng] 
with  P,  the  bath  gas  pressure  In  Torr.  All  of  these  plots  show  a  cur¬ 
vature  at  P'  >  0.08  Torr  (P(bath)  >10.15  Torr).  The  Initial  linear  sec¬ 
tion  of  these  plots  at  low  pressures  Is  due  to  rotational  relaxation 
while  the  nearly  flat  portion  at  high  pressures  Indicates  that  rotational 
thermal Izatlon  has  been  achieved  as  demonstrated  below.  Therefore,  the 
rotational  relaxation  rate  constants  were  obtained  In  the  low  pressure 
limit  (linear  portion)  of  these  plots.  The  rate  coefficients  extracted 
from  the  initial  slopes  represent  lower  limits  for  R-T  energy  transfer. 
The  results  are  listed  in  Table  4-7. 


The  vibrational  band  envelope  shown  in  Fig.  4-19c  is  composed  of  P 
and  R  lines  which  represent  transitions  from  rotational  states  that  have 
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Figure  4-19. 


IF(B;  v'=  3)  fluorescence  emission  showing  the  rot' 
ational  population  redistribution  from  J'=  22 
with  He  bath  gas:  (a)  P(He)  =  0  mTorr  and  (b) 

P(He)  =  30  mTorr. 


further  complicated  by  the  presence  of  residual  I2  since  V-V  effects  with 
this  gas  will  also  contribute  to  the  short  time  dependence  of  the  decay 
curve. 

E.  Rotational  Relaxation 
1.  Rate  Constants 

Figure  4-19  shows  the  rotational  redistribution  of  the  initial  J'=  2 
population  In  v'=  3  as  He  Is  added  to  the  system.  In  Fig.  4-19a,  the 
fluorescence  emission  originates  from  the  initially  prepared  J'  level. 

The  width  of  the  P-R  doublet  emission  lines  In  this  figure  Is  due  to  the 
monochromator's  Instrumental  resolution  (0.25  nm).  The  addition  of  He 
forces  a  redistribution  of  rotational  population  from  J'=  22  to  neigh¬ 
boring  rotational  states  resulting  In  a  broadening  of  the  original  P-R 
doublet  emission  as  seen  1n  Fig.  4-19b.  This  population  redistribution 
occurs  about  equally  on  both  sides  of  the  Initial  rotational  level  with 
the  blue  end  forming  a  bandhead  corresponding  to  a^lJ''^20.  A  tall  Is 
formed  toward  the  red  end  of  the  spectrum  which  corresponds  to  a  J' 
change  of  about  23.  At  higher  bath  gas  pressures,  the  tall  becomes  less 
extensive  due  to  multiple  collisions  which  seek  to  establish  an 
equilibrium  distribution  as  seen  In  Fig.  4-19c.  Thus,  an  additional 
redistribution  occurs  In  the  col  1 Islonally  populated  states  which  forces 
the  population  toward  the  Boltzmann  maximum. 

The  total  rate  of  removal  from  J'=  22  was  obtained  by  applying 
Eq.(2-9b)  using  the  k^'  values  from  the  cw  experiments  and  the 
Rg'Ng  values  determined  previously.  The  ratio  of  N(J '=22)/N(v'=3)  was 
obtained  from  an  analysis  of  the  spectra  such  as  shown  In  Fig.  4-19.  The 


population  is  observed  unt11^  220  mTorr  of  He  is  added  to  the  system.  To 
within  our  ability  to  read  these  spectra  which  Is  limited  by  noise, 
essentially  no  relaxation  Is  observed  at  He  pressures  below  200  mTorr. 

From  these  spectra.  It  appears  that  population  of  v'=  2  occurs  through 
single  quantum  transitions  since  there  Is  a  pressure  Induction  region 
where  v'=  2  population  becomes  observable  only  after  a  significant  popu¬ 
lation  accumulates  In  v'=  3. 

As  shown  In  Appendix  K,  single  quantum  transitions  are  recognized 
In  fluorescence  decay  curves  by  a  t^  dependence  at  short  times  In  a4v  =  -2 
transfer  band.  To  determine  what  short  times  are.  It  must  be  remembered 
that  Pt  «  1,  where  T  =  kM,  so  we  can  series  expand  the  exponential  In 
Eq.(K-7).  For  this  discussion,  we  use  a  rate  constant,  k(3,2),  which  has 
a  value  of  5  x  10~12  £^3  molecule"^  s"l  as  measured  with  He.  Thus,  at 
220  mTorr  of  He,r  Is  3.5  x  10^  s~l.  To  satisfy  the  Inequality,  T  t«l, 
we  must  have  t  <  2.8f»<s.  This  time  scale  Is  easily  observed  1n  Fig.  4-17. 
However,  It  1s  quite  difficult  to  accurately  determine  the  short  time 
dependence  of  these  decay  curves  since  there  1s  relatively  Httle  popula¬ 
tion  In  v'=  2.  The  background  noise  simply  Inhibits  one  from  drawing  any 
conclusions  from  this  figure.  Figure  4-18  emphasizes  this  point.  In  this 
figure,  we  see  a  computer  fit  to  the  data  using  the  Montrol 1-Shuler  model 
(assuming  a  two  step  cascade)  for  a  v'=  6— >v'=  4  transfer  with  60  mTorr 
of  Ne.  At  short  times,  the  fitted  curve  may  show  some  Indication  of  a 
t^  dependence.  The  fit  to  the  data  1s  quite  good  and  notice  that  1t  is 
nearly  Impossible  to,  at  least  qualitatively,  determine  the  time  depen¬ 
dence  of  the  experimental  decay  curve  at  short  times.  The  problem  Is 
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sequent  to  initial  population  of 
and  (d)  P(He)  =  200  tnTorr. 


TABLE 

4-6.  Vibrational  relaxation 

rate  constant 

ratios  for  the 

initial 

excitation  of 

v'=  3  In  the  cw 

experiments. 

BATH 

k(3,2)/kv 

k(3,4)/kv 

k(3,l)/kv 

[k(3,2)+k(3,4)]/kv 

He 

.88 

.13 

.11 

1.01 

Ne 

.76 

.11 

.12 

.87 

Ar 

.73 

.15 

.11 

.88 

Kr 

.70 

.17 

.12 

.87 

Xe 

.94 

.22 

.17 

1.06 

N2 

.80 

.16 

.05 

.96 

Avg 

(.80  +  .09) 

(.16  +  .04) 

(.11  +  .04) 

(.96  +  .08) 

maximum  rate  at  which  =  -2  transfer  bands  are  populated  in  a  single 
collision  from  the  initially  populated  level  is  15  percent  of  the  total 
removal  rate. 

A  series  of  temporally  and  spectrally  resolved  fluorescence  experi¬ 
ments  were  also  conducted  to  examine  the  possibility  of  multiple  vibra¬ 
tional  transitions.  These  experiments  were  performed  by  first  reducing 
the  base  pressures  (I.e.,  no  added  bath  gas)  to  about  19  mTorr  which 
minimized  vibrational  relaxation  by  residual  The  temporal  histories 
of  both  v'=  3  and  v'=  2  were  then  monitored  subsequent  to  v'=  4  excita¬ 
tion  while  increasing  the  He  bath  gas  pressures  from  0  mTorr  to  300 
mTorr.  Figure  4-17a  shows  the  temporal  history  of  v'=  3  and  v'=  2  with  no 
added  He.  In  successive  frames  of  this  figure,  we  see  that  the  population 
in  v'=  3  continually  increases  with  increasing  He  pressures,  but  no  v'=  2 
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in  the  N(v'=0)/N(v'=  3)  ratios  as  the  bath  gas  pressure  was  increased. 

The  erratic  behavior  was  attributed  to  difficulty  in  determining  the 
v'=  0  populations  due  to  extremely  small  signal-to-noise  ratios. 
Typically,  the  population  in  v'=  0  was  less  than  two  percent  of  the  total 
B  state  number  density  at  the  highest  bath  gas  pressures  used  in  these 
experiments . 

The  absolute  values  of  the  rate  constants  listed  in  Table  4-5  are 
subject  to  large  uncertainty.  At  low  bath  gas  pressures,  the  population 
in  a  Av  =  -2  transfer  band  was  typically  less  than  three  percent  of  the 
total  B  state  population  at  P  <  100  mTorr  of  added  bath  gas.  This 
resulted  in  small  signal-to-noise  ratios  and,  therefore,  large  errors. 
Appreciable  population  (i.e.,  N(  v'=  -2)'^  0.1  N)  in  a4v  =  -2  transfer 
band  was  only  observed  after  adding  300  mTorr  of  an  efficient  relaxer 
such  as  He  or  N2  as  shown  in  Fig.  4-14.  Thus,  the  rate  constants  listed 
in  Table  4-5  are  considered,  at  best,  upper  limits  for  Av  =  -2  multiple 
quantum  transitions. 

Table  4-6  shows  the  ratios  of  the  k(Av=_+l)  and  k(Av  =  -2)  rate 
constants  to  the  total  removal  rate  constants,  ky,  that  were  obtained  in 
the  v'=  3  cw  experiments.  (The  estimated  errors  for  these  values  are  ^  40 
percent.)  As  seen  in  this  table,  the  sums  of  k(Av=-l)  and  k(Av=+l)  are 
equal  to  ky  to  within  experimantal  error.  This  result  may  indicate  that 
multiquantum  transfer  is  not  important  in  these  studies.  However,  the 
k(^v  =  -2  )/ky  ratios  fall  within  the  error  bounds,  and  this  additional 
information  may  indicate  the  possible  presence  of  multiquantum 
vibrational  transfer.  Therefore,  based  on  the  experimental  data,  the 


CW  Stern-Volmer  plot  for  determining  the  Av  =  -2,  multiquantum  rate 
constant  k(3,l).  P'  is  the  reduced  pressure  which  is  defined  as 


TABLE  4-4.  (Continued) 


BATH  Vi  Vf 


k(v-j,vf)  (cm^ 
molecule"^  s"^) 


Cr(vi,vf) 

(ctn^ ) 


Kr  3  All 

2 
4 

Xe  3  All 

2 
4 

N2  3  All 

2 

4 

1  All 

0 
2 

02  6  All 

5 
7 

3  All 

2 
4 


(8.3  +  2.9)  X  10-13 
(5.8  +  2.3)  X  10-13 
(1.4  +  0.6)  X  10-13 

(5.1  +  1.9)  X  10-13 
(4.8  +  1.5)  X  10-13 
(1.1  +  0.5)  X  10-13 

(4.0  +  1.4)  X  10-12 
(3.2  +  1.3)  X  10-12 
(6.5  +  2.8)  X  10-13 
(2.2  +  0.8)  X  10-12 
(1.8  +  0.7)  X  10-12 
(4.8  +  2.1)  X  10-13 

(2.4  +  0,8)  X  10-11 
(2.2  +  8.8)  X  10-11 
(2.9  +  1.2)  X  10-12 
(7.9  +  2.8)  X  10-12 
(5.9  +  2.4)  X  10-12 
(7.4  +  3.2)  X  10-13 


(2.4  +  0.8)  X  10-17 
(1.7  +  0.7)  x'lO-17 
(4.0  +  1.7)  X  10-18 

(1.6  +  0.6)  X  10-17 
(1.6  +  0.5)  X  10-17 
(3.8  +  1.6)  X  10-18 

(7.7  +  2.7)  X  10-17 
(6.2  +  2.4)  X  10-17 
(1.2  +  0.5)  X  10-17 
(4.3  +  1.5)  X  10-17 
(3.6  +  1.4)  X  10-17 
(9.2  +  4.0)  X  10-18 

(4.7  +  0.7)  X  10-18 
(4.5  +  1.8)  X  10-18 
(5.9  +  2.5)  X  10-17 
(1.6  +  0.6)  X  10-17 
(1.2  +  0.4)  X  10-17 
(1.5  +  0.6)  X  10-18 


appreciable  population.  An  estimate  of  the  rotational  temperature  was 
obtained  by  first  selecting  two  points  along  this  curve  and  determining 
the  approximate  rotational  level  corresponding  to  the  P(J)  or  R(J)  line 
at  the  appropiate  wavelength.  Typically,  the  rotational  level  can  be 
estimated  to  within  ^(3-4)J  levels  using  this  method.  The  intensites  cor¬ 
responding  to  emission  from  the  rotational  states  and  J2  were  inserted 
into  Eq.(4-7)  to  obtain  the  approximate  rotational  temperature,  Tr. 

in[Ii(J2'  +  J2"  +  l)/l2(Jr  +  Jl"  +  1)]  =  By.  4JhcMTR  (4-7) 

where  J  =  +  1)  -  J2'(J2"  1)  and  By'  =  Bg  -o<.g(v'  +  1/2).  This 

method  was  applied  to  several  high  pressure  vibrational  spectra  for  all 
the  collision  partners,  and  the  analysis  yielded  an  estimated  rotational 
temperature  of  (312  +_  80)  K.  Thus,  the  curvature  in  the  Stern-Volmer 
plots  was  attributed  to  rapid  rotational  thermalization  resulting  in  a 
300  K  Boltzmann  distribution  of  rotational  energy  levels. 

2.  Band  Contours:  Rotational  Memory 

An  examination  of  the  contours  of  transferred  vibrational  sta¬ 
tes  may  contain  information  about  the  possibility  of  the  degree  of  con¬ 
servation  of  J'=  22  or  rotational  memory.  As  shown  in  Fig.  4-19a,  the 
initially  populated  rotational  level  is  easily  observed  in  these  experi¬ 
ments.  Thus,  if  complete  preservation  of  the  initially  populated  level 
occurred,  one  would  expect  to  see  definite  P-R  doublet  features  atop  the 
overall  contour  of  the  vibrational ly  transfered  bands.  Furthermore,  if 
only  partial  retention  occurred,  definite  features  are  expected  to  be 
observed  due  to  the  sensitivity  of  the  detection  system.  This  structure 


would  then  be  attributed  to  emission  from  a  few  rotational  levels  having 
a  J'  value  close  to  that  of  the  initially  pumped  rotational  level. 

A  search  was  made  for  total  rotational  memory  in  a  strong  v'=  2 
band  since  vibrational  relaxation  favored  the  population  of  lower  vibra¬ 
tional  levels.  The  preserved  rotational  states  were  also  expected  to  be 
partially  relaxed  since,  even  at  low  bath  gas  densities,  the  degree  of 
rotational  relaxation  in  the  initial  vibrational  state  would  be  inherited 
by  the  transferred  vibrational  state,  followed  by  collisional  relaxation 
in  v'=  2  itself.  Of  all  the  v'=  2  bands  examined,  no  features  of 
complete  rotational  memory  were  observed  for  any  collision  partner. 

At  low  bath  densities,  the  v'=  2  bands  revealed  a  somewhat  rounded 
shape  which  may  be  indicative  of  partial  rotational  retention.  As  the 
collision  partner  density  increased,  the  rounded  band  structure  disap¬ 
peared  with  the  band  forming  a  well  defined  head.  Although  partial 
memory  could  exist,  the  instrumental  resolution  was  determined  as  the 
primary  cause  of  this  low  pressure  band  structure.  Furthermore,  the 
excitation  of  a  rotational  state  lying  near  the  Boltzmann  maximum  (i.e. 
J'=  22  in  IF(B))  makes  the  search  for  partial  memory  more  difficult  since 
rotational  memory  and  a  collisionally  relaxed  distribution  are  indistin¬ 
guishable.  However,  a  set  of  runs  was  made  in  which  v'=  4  was  pumped  to 
J'=  45.  There  was  no  discernable  evidence  of  any  rotational  memory  in 
v'=  3. 

3.  Band  Contours:  Multiquantum  Transfer 

A  qualitative  evaluation  of  multiquantum  rotational  transfer  was 
made  by  comparing  band  shapes  produced  by  different  gases  at  pressures 


TABLE  4-8.  Estimated  J  changes  per  collision  for  various 
collision  partners.  The  pressures  correspond 
to  similar  degrees  of  rotational  relaxation 
for  each  bath  gas. 


BATH 

P( torr) 

A J/col 1 ision 

He 

0.069 

4 

Ne 

0.051 

9 

Ar 

0.043 

11 

Kr 

0.048 

11 

Xe 

0.049 

11 

N2 

0.053 

8 

which  caused  nearly  identical  degrees  of  rotational  relaxation.  Figure 
4-21  shows  a  comparison  of  two  rotational ly  relaxed  v'=  3  bands  with  He 
and  Xe.  The  degree  of  relaxation  is  comparable,  being  43  percent  with  He 
and  52  percent  for  Xe. 

Both  spectra  reveal  emission  on  the  red  side  of  the  spectrum,  ter¬ 
minating  at  about  547.9  nm.  This  corresponds  to  emission  from  45-50 
as  determined  using  Curie's  tabulated  values.^  At  P^e  =  0.069  Torr, 
IF(B)-He  collisions  occur  at~8  per  lifetime  while  IF(B)-Xe  collisions 
occur  at~1.8  per  lifetime  with  Pyg  =  0.049  Torr.  Thus,  the  change  in  J 
per  collision  is  greater  for  Xe  (~11)  than  for  He  (■~4)  at  comparable 
degrees  of  rotational  relaxation.  Table  4-8  summarizes  the  estimated  J 
changes  per  IF(B)-M  collision  for  all  the  bath  gases  at  similar  degrees 
of  rotational  relaxation. 
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Figure  4-21,  Comparison  of  3  rofaHn„  ,  a- 

with  He  and  Xei  (a)  P(He)  °  0  Oeg'l"''’"'''"''" 
and  (b)  P(Xe)  -  0. Mg  Torn 


These  results  qualitatively  suggest  that  the  lighter  collision 
partners  lead  to  more  emission  in  the  neighborhood  of  the  initial  J 


P  level,  while  the  heavier  gases  lead  to  a  spreading  of  emission  over  a 

wider  range  of  wavelengths  at  comparable  collision  frequencies.  Thus, 
collisional  rotational  redistribution  seems  to  occur  via  multiquantum 
Q  jumps  in  a  single  collision. 
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V.  DISCUSSION 


A.  Electronic  Quenching 

1.  Cross  Sections 

Tables  5-1  and  5-2  summarize  the  IF(B)  electronic  quenching  cross 
sections,  (Tqj  which  were  calculated  using  Eq.(4-6).  As  a  measure  of  com¬ 
parison,  the  respective  gas  kinetic  cross  sections  for  IF(B)  +  M  colli¬ 
sions  are  also  listed.  These  gas  kinetic  cross  sections,  which  were  calcu¬ 
lated  using  Eq.(5-1),  represent  the  largest  possible  cross  section  value 
that  can  be  obtained  in  the  classical,  hard  sphere  approximation. 

CJg  =X(dip+  dM)2/4  (5-1) 

where  djp  is  the  hard  sphere  diameter  of  IF  ('-4.4  x  10“^  cm)  and  d[«|  is  the 
molecular  or  atomic  diameter  of  the  collision  partners.  Approximate 
values  for  the  collision  partners,  df^,  were  taken  from  the  listing  com¬ 
piled  by  Hirshfelder,  Curtiss,  and  Bird.^^  The  ratio  of CT ^  toCTg  (labeled) 
Pq)  is  listed  in  the  last  column  of  Tables  5-1  and  5-2  and  represents 
quenching  probabilities  (or  efficiencies)  based  on  the  classical  approxi¬ 
mation. 

As  seen  in  Tables  5-1  and  5-2,  collisions  between  IF(B)  molecules 
and  both  the  noble  gases  and  N2  were  uniformly  inefficient  in  quenching  B 
state  fluorescence.  The  only  appreciable  quenchers  were  O2,  F2,  H2O,  and 
I2.  The  quenching  cross  sections  for  O2  and  F2  were  a  factor  of  10^  to 
10^  greater  than  those  for  the  noble  gases  and  N2.  Iodine  was  the  most 
efficient  quencher  with  a  cross  section  105  times  greater  than  those  for 


TABLE  5-1.  Summary  of  electronic  quenching  cross  sections,  gas 
kinetic  cross  sections,  and  quenching  probabilities. 
The  cross  sections  are  in  units  of  cm^.  See  text  for 
explanation. 


Collision  PartneJ 
( initi al ly  pre¬ 
pared  state) 

O-q 

O-g 

He  (3  £  v'£  8) 

£  7.9  X  10-20 

3.8  X  10-15 

2.1  X  10-5 

Ne  (3  £  v'£  8) 

£  1.6  X  10-19 

4.1  X  10-15 

3.9  X  10-5 

Ar  (3  £  v'£  8) 

£  2.2  X  10-19 

4.8  X  10-15 

4.6  X  10-5 

Kr  (3  £  v'£  8) 

£  2.9  X  10-19 

5.0  X  10-15 

5.7  X  iO-5 

Xe  (3  £  v'£  8) 

£  3.1  X  10-19 

5.5  X  10-15 

5.6  X  10-5 

F2  (v'=  3) 

(7.4  +  1.1)  X  10-17 

5.0  X  10-15 

1.5  X  10-2 

VO 

II 

> 

(9.9  +  1.2)  X  10-17 

2.0  X  10-2 

(v'=  7) 

(1.1  +  0.1)  X  10-17 

2.2  X  10-2 

^2  (3  £  v'£  6) 

1 

9.2  X  10-15 

6.9  X  10-15 

1.30 

N?  (3  <  v'<  8) 

<  1.9  X  10-19 

5.2  X  10-15 

3.7  X  10-5 

i 

I 


I 


TABLE  5-2.  IF{B)  deactivation  cross  sections  and  relative 
efficiencies  for  O2  and  H2O.  The  cross  sections 
are  in  units  of  cm^.  See  text  for  explanation. 


Collision  Partner 

(initially  pre¬ 
pared  state) 

O'  q  O'  g 

‘  Pq 

a.  short  time  values 

H2O  (3  1  v'£  6) 

(3.8  +  1.1)  X  10-15  4,0  X  10-15 

0.94 

O2  (3  £  v'£  8) 

(1.2  +  0.2)  X  10-16  4.8  X  10-16 

2.5  X  10-2 

b.  long  time  values 

H2O  (v'=  4) 

(2.8  +  0.5)  X  10-17  4^0  x  10-16 

6.9  X  10-3 

(v'=  5) 

(6.2  +  1.4)  X  10-17 

1.5  X  10-3 

(v’=  6) 

(1.2  +  0.3)  X  10-16 

3.0  X  10-2 

the  noble  gases  and  N2.  Water  vapor  was  also  very  efficient  in  removing 
IF(B)  population  at  short  times.  At  longer  times,  the  cross  sections  for 
H2O  were  comparable  to  those  determined  for  O2  and  F2. 

As  discussed  previously,  IF(B)  +  O2  collisions  may  induce  a  rapid 
E  — >  E  energy  exchange.  A  similar  mechanism  may  be  responsible  for  the 
rapid  IF(B)  quenching  by  l2(X).  A  potential  process  is  described  in 
Eq.(5-2). 


IF(B)  +  I2(X)  ^  IF(A  or  A')  +  I2(X;  v"»  0)  (5-2) 

The  decay  of  IF(B;  v'=  3),  for  example,  to  either  of  these  electronic  states 
might  populate  l2(X)  vibr...ional  levels  in  the  range  from  v"=  30  to  v"=  40. 

2.  Comparisons  to  Previous  Studies 

The  quenching  efficiencies  for  He,  N2,  and  O2  determined  in  the 
present  studies  agreed  with  the  qualitative  observations  of  Davis,  Hanko, 
and  Shea^^  when  lasing  was  observed  from  col  1 isional ly  populated  states 
in  IF(B).  The  output  of  the  optically  pumped  IF  laser  showed  no  degrada¬ 
tion  from  4  to  200  Torr  of  added  He  or  40  Torr  of  added  N2.  The  laser 
typically  supported  1.9  x  10^  IF(B)-He  collisions  per  lifetime  and 
2.9  X  10^  IF(B)  -  N2  collisions  per  lifetime  which  demonstrated  that  the 
two  collision  partners  were  extremely  inefficient  quenchers.  However,  the 
IF  laser  became  very  unstable  for  O2  pressures  greater  than  five  Torr. 

Under  the  lasing  conditions,  IF(B)  -  O2  collisions  occured  at  a  rate  of 
250  per  lifetime.  Furthermore,  the  IF(B)  quenching  rate  constant 
measured  in  the  present  study  due  to  O2  showed  that  10  collisions  per 
lifetime  were  sufficient  to  alter  the  total  B  state  population  under 
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TABLE  5-3.  Comparison  of  B  state  quenching  cross  sections  (units 
of  cm^)  given  as  the  first  number,  and  quenching 
efficiencies  given  in  parenthesis  for  IF,  BrF,  and 
BrCl. 


BrF _ 

<2.1  X  10-18 

(4.9  X  10-^) 

4.0  X  10-17 
(3.3  X  10-2) 


BrCI _ 

2.8  X  10-17 

(6.2  X  10-8) 

1.1  X  10-lS 
(7.9  X  10-2) 


IF 

<  2.2  X  10-19 
(4.6  X  10-5) 

2.13  X  10-17 
(4.5  X  10-8) 


these  lasing  conditions.  For  example,  IF(B)  fluorescence  was  quenched  at 
a  rate  of  1.3  x  lO^  $-1  at  P(02)  =  5  Torr.  This  first  order  quenching 
rate  was  a  factor  of  10  greater  than  either  the  spontaneous  (1.3  x  lO^ 
$-1)  or  estimated  stimulated  (3.4  x  lO^  s"!)  emission  rates. 17  Therefore, 
the  dominance  of  O2  quenching  over  these  radiative  processes  resulted  in 
a  90  percent  reduction  in  the  IF(B)  population  that  was  available  for 
1 asing. 

The  results  of  this  quenching  study  are  directly  comparable  to  simi¬ 
lar  studies  performed  in  BrF(8)89  and  BrCl{B).^*8  Table  5-3  shows  a  com¬ 
parison  of  the  quenching  cross  sections  and  quenching  efficiencies  (given 
in  parenthesis).  In  Table  5-3,  we  see  that  the  B  state  of  these  molecules 
are  relatively  immune  to  electronic  quenching.  In  general,  the  results  of 
this  study  agree  with  those  obtained  in  the  B  states  of  the  halogen  spe¬ 
cies  where  collisional  electronic  quenching  by  various  atomic  and  mole¬ 
cular  collision  partners  was  inefficient. 28 

When  electronic  quenching  in  BrF(B)^8  both  BrF(X)  and  Br2  and 


BrCl(3)'^7  with  CI2  was  examined  in  the  upper  vibrational  manifold 
(vibrational  levels  lying  near  the  predissociataion  limit),  it  was  disco¬ 
vered  that  the  cross  sections  approached  the  gas  kinetic  value 
(10"^^  cm2),  clyne  et  al .  postulated  that  collision  induced  predisso¬ 
ciation  through  rapid  V-V  energy  transfer  provided  the  depletion  pathway. 
This  processes,  which  is  kinetically  equivalent  to  electronic  deactiva¬ 
tion,  was  suspected  to  occur  via  collisional  ladder  climbing,  usually  in 
multiquantum  jumps,  which  made  electronic  quenching  extremely  efficient. 

Since  IF(B)  predissoci ates^^  v'  =  8,  J'  >_  52  and  v'  =  9,  J'  >_  7, 
one  might  expect  the  IF(B)  depletion  rate  constants  to  show  a  strong 
dependence  upon  v'  subsequent  to  the  initial  excitation  of  high  lying 
vibrational  levels.  Clyne  et  al.  indeed  find  this  to  be  the  case  in  both 
BrF(B)^^  and  BrCl(B)^^.  However,  the  results  of  the  present  study  show 
that  the  quenching  cross  sections  for  the  noble  gases,  N2.  I2»  O2  do 
not  depend  on  vibrational  quantum  number  for  3  _<  v'  _<  8(J'  <  30).  Thus, 
collision  induced  predissociation  is  not  important  in  IF(B)  at  the 
pressures  used  in  these  studies.  (The  dependence  of  the  F2  and  H2O 
quenching  cross  sections  on  v^'  are  also  too  weak  to  account  for  such  a 
process  since  the  respective  values  for  F2  and  H2O  change  by  no  more  than 
a  factor  of  two  and  five  from  v'=  3  to  v'=  7.) 

This  observation  can  be  explained  on  the  basis  of  the  IF(B)  vibra¬ 
tional  transfer  results  discussed  in  the  next  section.  Vibrational 
relaxation  via  &v  =  -1  jumps  was  determined  as  the  dominant  relaxation 
pathway.  In  fact,  the  probability  for^v  =  +1  collisions  was  only  18  per¬ 
cent  of  that  for  ^v  =  -1  which  was  in  agreement  with  detailed  balance. 


Therefore,  the  relatively  large  vibrational  spacings  (~400  cm'^),  which 
essentially  forces  relaxation  to  occur  down  the  vibrational  manifold, 
precludes  upward  collisional  ladder  climbing  to  predissociated  vibra¬ 
tional  levels.  Further  studies  at  even  much  lower  pressures  are  required 
to  examine  the  possibility  of  collision-induced  predissociation  in  IF(8). 

B.  Vibrational  Energy  Transfer 

1.  Cross  Sections 

A  comparison  of  the  vibrational  energy  tansfer  cross  sections  listed 
in  Tables  4-2,  4-3,  and  4-4  show  that  the  values  obtained  in  both  the  cw 
and  time  resolved  experiments  are  in  good  agreement  to  within  experimen¬ 
tal  error.  The  cw  state-to-state  values  were  about  20  to  30  percent  lower 
than  the  corresponding  time  resolved  values.  The  cw  total  removal  rate 
constants  showed  better  agreement,  being  within  +_(15-20)  percent  of  the 
time  resolved  rate  constants. 

Computer  modeling  was  performed  to  better  gauge  how  well  the  vibra¬ 
tional  transfer  rate  constants  obtained  in  both  the  cw  and  time  resolved 
experiments  agreed.  The  first  model  simulated  the  steady-state  experiments 
using  the  rate  constants  determined  in  the  pulsed  experiments.  The  model 
calculation  solved  for  the  relative  steady-state  population  distribution 
of  nine  vibrational  levels.  It  was  constrained  to  the  initial  condition 
that  when  all  the  transfer  rates  were  zero  (i.e.,  at  zero  bath  gas 
pressure),  all  of  the  population  resided  in  v’=  3.  The  inputs  to  the  model 
were  the  rates  of  transfer  between  any  two  levels.  While  there  are  only 
nine  stable  vibrational  levels  in  IF(8)  and  population  data  for  only  five 
of  the  levels,  the  calculation  involved  a  large  number  of  levels  for  phy- 


sical  reasons.  This  prevented  any  pileup  of  population  in  the  highest 
level  by  accounting  for  pred i ssoci ati ve  losses  in  v'=  9.  (  All  population 
transferred  from  v'=  8  to  v'=  9  is  assumed  to  be  lost.)  The  calculation 
solved  nine  linearly  independent  equations  in  nine  unknowns  by  matrix 
inversion.  An  outline  of  the  development  of  this  model  is  discussed  in 
Appendix  L. 

Since  the  only  known  rate  constants  that  were  input  to  the  model 
were  k(3,2)  and  k(3,4),  allowances  were  made  for  determining  other  vibra¬ 
tional  transition  rates  by  linearly  scaling  the  k(3,2)  and  k(3,4)  rate 
constants  with  vibrational  quantum  number.  This  assumption  is  not 
unreasonable  since  the  rate  constants  listed  in  Tables  4-3  and  4-4  show 
some  indication  of  such  a  scaling  relationship.  The  rate  constants, 
k(3,2)  and  k(3,4),  inserted  into  the  model  had  values  of  5.9  x  10"^^  and 
1.0  X  10*12  cm2  molecule‘1  s*l,  respectively.  Figure  5-1  shows  the 
results  of  this  model  which  imitated  the  relative  population  distribu¬ 
tions  with  He  as  the  bath  gas.  For  simplicity,  only  the  relative  popula¬ 
tions  in  v'=  2,  3  and  4  are  shown.  As  seen  in  consecutive  frames  of  this 
figure,  the  calculated  vibrational  state  distributions  mirrored  the 
experimental  values  quite  well.  The  calculated  relative  populations  in 
v'=  2  and  v'=  3  were  typically  30  percent  greater  than  the  experimental 
values  which  was  within  the  cw  error  estimates.  Figure  5-2  shows  a 
Stern-Volmer  plot  for  determining  the  total  vibrational  transfer  removal 
rate  constant  from  v'=  3  using  the  calculated  distributions.  The  rate 
constant,  obtained  from  the  slope  of  this  plot,  is  6.1  x  10*22  (-^3 
molecule*^  s*2.  This  value  compares  favorably  with  the  cw  experimental 


energy  transfer  is  not  dominant.  For  N2  +  IF(B)  and  O2  +  IF(B)  colli¬ 
sions,  a  V-(R,T)  process  may  occur  in  which  vibrational  quanta  in  IF(B) 
are  given  up  to  both  rotation  and  translation  in  N2  and  O2.  Similiarly, 

V-V  energy  transfer  may  be  the  dominant  relaxation  mechanism  in  IF(B)  +  F2 
collisions.  The  vibrational  constant, about  800  cm"^ 
which  indicates  that  a  Av  =  2  jump  in  IF(B)  could  result  in  a  4v  =  +^1 

transition  in  F2(X). 

Perhaps  a  better  method  to  clarify  the  quantitative  trends  seen  in 
Fig.  5-5  for  the  noble  gases  is  to  use  the  SSH  theory  of  vibrational 
relaxation.  From  Eq.(6-10),  the  vibrational  transfer  probability  should 
obeyJ^n(P)  =  A  -  B^^/^  if  the  exponential  term,  exp  [-3/2  (0'/!)^^^], 
dominates  the  behavior.  Figure  5-6  shows  a  plot  of  the  relative  vibra¬ 
tional  transfer  cross  sections,  (J(3,2)/c?^,  vs  fQ^-  noble  gases. 

(The  data  were  obtained  from  the  v'=  3,  cw  excitation  experiments.)  As 
seen  in  Fig.  5-6,  the  vibrational  transfer  probabilities  monotonical ly 
decrease  with  increasing  collision  reduced  mass.  The  qualitative 
agreement  between  the  data  and  the  predicticed  behavior  from  the  SSH 
theory  is  satisfactory  since  changing  the  collision  reduced  mass  also 
changes  the  interaction  potential.  This  result  may  be  thought  of  simply: 
a  lower  collision  reduced  mass  involves  higher  velocity  collisions  on  the 
average  which  are  relatively  more  efficient  in  producing  an  exchange  of 
energy. 

An  important  trend  in  IF(B)  vibrational  energy  transfer  was  obtained 
when  observing  the  dependence  of  the  cross  sections  measured  for  a  given 
bath  gas  on  the  initially  excited  vibrational  level.  Figure  5-7  shows  a 
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cross  sections  subsequent  to  excitation  of  v'=  3.  The  relative  state-to- 
state  values  show  the  same  behavior.  The  error  bars  indicate  the  uncer¬ 
tainties  in  the  values. 

In  Fig.  5-5,  the  relative  cross  sections  for  the  noble  gases  show 
a  smooth,  decreasing  dependence  on  with  the  maximum  in  the  transfer 
efficiency  occurring  for  the  lightest  collision  partner.  He.  The 
decreasing  dependence  of ^Ty/tTg  vs  indicates  that  the  heavier  collision 
partners,  which  have  smaller  average  velocities,  are  less  likely  to 
induce  collisional  transitions  in  IF(B).  Furthermore,  this  figure  shows 
that  the  probability  for  vibrational  energy  transfer  for  the  noble  gases 
is  very  small  with  cT^/tTg  being  unity  representing  the  most  efficient 
transfer  process  possible  on  a  classical  basis.  As  discussed  in  Appendix 
B,  the  most  effective  encounter  will  occur  when  the  mean  collision  fre¬ 
quency,  l/r^,  is  greater  than  the  period  of  vibration, ly  .  For  IF(B;  v'=  3) 
where  X’ =  1.2  x  10^^  s"^,  the  product wi 1 1  be  less  than  unity  when 
fA.l/2  has  a  value  of  1.0  (amu)^/2  (assuming  an  interaction  distance  of  2.2  x 
10"S  cm  which  is  the  approximate  radius  of  the  IF  molecule).  The  results 
discussed  above  indicate  that  the  translational  energy  of  the  bath  gas 
(Etr"  200  cm”l  at  T  =  300  K)  is  not  sufficient  to  produce  a  unit  probabi¬ 
lity  for  energy  transfer  since  the  energy  required  for  such  a  process 
must  be  about  400  cm"l. 

Figure  5-5  also  shows  that  the  diatomic  collision  partners  do  not 
follow  the  trend  in  as  do  the  noble  gases.  In  fact,  no  particular 
trend  is  recognizable  for  these  gases.  The  anomalies  in  the  relative 
efficiencies  for  the  diatomics  N2,  F2,  and  O2  may  indicate  that  V-T 
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'e  5-5.  Plot  of  the  vibrational  transfer  efficiencies  vs 
the  square  root  of  the  collision  reduced  mass. 
Notation:  o  =  steady-state  values;  #  =  time 
resolved  values. 


energy  (^^400  cm'l)  equal  to  the  difference  between  the  vibrational 
levels  V  and  v-1  to  the  bath  gas,  than  it  is  for  the  bath  gas  to  sacrifice 
energy  for  causing  an  upward  vibrational  transition  in  IF(B).  Physically, 
the  translational  energy  of  a  bath  gas  at  room  temperature  is  about  200 
cm‘1.  This  energy  is  not  sufficient  to  make  upward  IF(B,v)  transitions 
highly  probable  since  such  a  transition  requires  the  bath  gas  to  expend 
about  400  cm"l  of  energy. 

2.  Cross  Section  Trends 

Classically,  a  collisional  V-T  interaction  between  a  diatomic  mole¬ 
cule  (assumed  to  be  a  harmonic  oscillator)  and  a  bath  gas,  M,  has  the 
highest  probability  for  producing  a  change  in  the  oscillator  state  when 
the  interaction  occurs  along  the  internuclear  axis  of  the  diatomic  mole¬ 
cule.  The  effectiveness  of  this  interaction  depends  on  both  the  relative 
velocity,  v,  of  the  collision  partners  and  the  interaction  distance,.^. 

As  discussed  in  Ref.  3,  vibrational  transfer  is  qual itati vely  most  effi¬ 
cient  when  the  period  of  osci 1 1 ation,T2 ,  of  the  molecule  is  comparable  to 
the  duration  of  the  interaction  (mean  collision  time),Tc.  where  =-^/v 
and  V  =  (sAt/tt/a,)^^.  Therefore,  a  plot  of  the  vibrational  transfer  cross 
section, (Ty,  vs^^^  should  give  physical  information  on  the  cross  section 
dependance  on  both  the  relative  velocity  of  the  collision  partner  and  the 
mean  collision  time. 

Figure  5-5  shows  a  plot  of  vs where  the  cross  sections 

taken  from  Tables  4-2,  4-3,  and  4-4  were  converted  into  estimated  effi- 
cencies  or  transition  probabilities  using  Eq.(5-1).  The  relative  cross 
sections  shown  in  this  figure  were  obtained  using  the  total  vibrational 
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0.24 
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0.23 
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02 

0.13 

AVG 

0.18  +  0.04 

In  this  equation,  V(r)  is  the  perturbation  Hamiltonian  which  leads  to 
vibrational  transitions  and  is  the  energy  level  spacing  between  v'=  4 
v'=  3.  For  a  harmonic  oscillator,  the  ratio  of  the  matrix  elements  in 
Eg. (5-6)  is  4/3  using  the  Landau  Teller  scaling  relationship.  Then, 
with  AGy  =  386.6  cm“l  and  T  =  300  K,  the  ratio  of  k(3,4)/k(3,l)  is  0.21. 
The  ratios  actually  measured  are  listed  in  Table  5-4.  The  average 
measured  value  is  (0.18  0.04)  which  is  in  excellent  agreement  with  the 

theoretical  value.  The  principle  of  detailed  balancing  also  holds  for 
the  other  vibrational  levels  using  the  values  obtained  in  both  the  pulsed 
and  cw  experiments. 

As  shown  in  Table  5-4,  the  probability  for  downward  vibrational 
relaxation  is  greater  than  that  for  upward  transfer.  This  result  means 
that,  in  a  V-T  process,  it  is  easier  for  IF(B)  to  give  up  an  amount  of 
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ere  obtained  from  the  raw  data.  The  comparison  between  the  two  curves  1n 
F1g.  5-3c  1s  quite  good  considering  the  simpicity  of  the  model.  The  Ini¬ 
tial  slope  of  the  upper  curve  In  Fig.  5-3b  gives  the  rate  of  total  removal 
from  v'=  3  while  the  long  time  slope  gives  the  rate  of  transfer  from  v'=  2 
to  v'=  3.  The  rate  constants,  and  k{2,3),  were  determined  by  plotting 
the  decay  rates  at  short  and  long  times,  respectively,  against  the  bath 
gas  pressure.  Figure  5-4  shows  a  sample  Stern-Volmer  plot  for  determining 
the  kv  rate  constant.  The  value  of  the  slope  Is  4.9  x  10“12  cm^ 
molecule"!  s  "!  which  Is  within  25  percent  of  the  measured  rate  constant 
obtained  In  the  pulsed  experiments.  The  rate  constant  k(3,2)  was  deter¬ 
mined  as  1.1  X  10"!2  cm^  molecule"!  s"!.  This  value  agrees  to  within  25 
percent  of  the  value  obtained  from  detailed  balance. 

The  measurement  of  the  state- to-state  vibrational  transfer  rate 
constants  affords  an  opportunity  to  verify  the  principle  of  microscopic 
reversibility.  This  principle  states  that,  at  equilibrium,  the  transition 
rate  from  microscopic  state  1  to  state  j  Is  related  to  the  rate  of  the 
reverse  transition  (j->  1)  by 


k(1,j)/k(j,1)  =  exp(-AGv/kT) 


(5-5) 


where  AGy  Is  the  vibrational  spacing  between  the  vibrational  states  1  and 
j.  The  ratio  for  the  levels  v'=  3  and  v'=  4  In  Eq.(5-5)  was  not  directly 
measured,  but  the  ratio  of  k(3,4)/k(3,2)  Is  known.  The  relation  between 
these  rate  constants  Is 


k(3,4)  _  k(3,4)  k(4,3)  _  I  I  ^ 


k(4,3)  k(3,2)  ^  J  I  <3  I  V(r)  I  2> 


°0.0  2.0  4.0  6.0  8.0  10.0 

TIME  (/xS) 


Figure  5-3c.  Temporal  history  of  v'=  2  following  excitation 
of  v'=  3  with  1.25  Torr  of  He.  The  solid  curve 
represents  the  simulated  v'=  2  decay  curve 
(solution  to  Eq.  (5-4)).  The  solid  circles  are 
actual  data  points  taken  from  the  recorded 
decay  curves.  The  data  points  were  normalized 
to  the  maximum  intensity  of  the  simulated  decay 
curves. 
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igure  5-3b,  Upper  curve:  natural  logarithm  of  the  decay 
curve  in  Fig  5-3a;  the  lower  curve  represents 
purely  radiative  decay  from  v'=  3.  See  text 
for  explanation. 
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Figure  5-3a.  Computer  simulated  fluorescence  decay  curve 
from  the  initially  prepared  v'=  3  level  usin 
the  rate  constants  measured  in  the  cw  exp¬ 
eriments.  The  bath  gas  was  He  at  1.25  Torr. 


value  of  5.6  x  10“^2  (;fj,3  molecule”^  s“^. 


A  second  model  was  employed  to  reproduce  the  time  resolved 
fluorescence  decay  curves  using  the  measured  cw  vibrational  transfer  rate 
constants.  The  decay  curves  were  predicted  by  directly  integrating  a  set 
of  rate  equations  for  a  five  level  system  in  which  v'=  3  was  initially 
populated. (For  simplicity,  we  only  consider  single  quantum 
transitions.)  The  equations  for  the  initially  prepared  and  col  1 isional ly 
populated  states  are  given  in  Eqs.(5-3)  and  (5-4),  respectively. 

dN(3) 

-  =  -k(3,2)M  N(3)  -  k(3,4)M  N(3)  -  AN(3)  -  QmM  N(3)  -  RbNb 

dt 

+  k(2,3)M  N(2)  (5-3) 

dN(  v) 

-  =  k(v+l,v)M  N(v+1)  -  k(v,v+l)M  N(v)  -  k(v,v-l)M  N(v)  - 

dt 

QmM  N(v)  -  AN(v)  -  RbNb  (5-4) 

where  RbNb  accounts  for  electronic  quenching  and  vibrational  transfer  by 
residual  12-  A  gas  kinetic  value  (3  x  10^  s"^)  was  used  for  RbNb?  and  the 
respective  values  of  k(3,2)  and  k(3,4)  were  4.9  x  10“^^  and  7.2  x  10“^^ 
cm^  molecule"^  s"^.  The  transfer  rates  for  the  other  vibrational  levels 
were  obtained  by  linearly  scaling  the  measured  k(3,2)  and  k(3,4)  rate 
constants.  Figure  5-3  shows  samples  of  the  predicted  decay  curves  for 
v'=  3  and  v'=  2  at  1.25  Torr  of  He.  Figure  5-3b  shows  the  natural 
logarithm  of  the  decay  curve  in  Fig.  5-3a.  The  linear  line  in  Fig.  5-3b 
(lower  curve)  represents  radiative  decay  from  v'=  3  while  the  upper  curve 
represents  the  solution  to  Eq.(5-3).  Figure  5-3c  illustrates  the  time 
history  of  v'=  2,  and  the  solid  circles  represent  actual  data  points  that 
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Figure  5-2,  Stern-Volmer  plot  for  determining  the 
from  v'=  3  using  the  synthetic  data  o 


plot  of  the4v  =  -1  cross  sections  vs  vibrational  quantum  number  that 
were  obtained  in  the  pulsed  experiments  (indicated  by  open  circles).  The 
bath  gas  in  this  scaling  study  was  He.  The  error  bars  in  Fig.  5-7 
represent  the  statistical  uncertainties  in  the  data.  As  seen  in  this 
figure,  the  vibrational  transfer  cross  sections  linearly  depend  on  the 
vibrational  quantum  number. 

Similar  trends  were  observed  in  the  cw  excitation  studies  with  He, 

Ne,  and  N2  as  bath  gases.  The  cross  sections  that  were  calculated  from 
the  cw  data  provide  positive  evidence  for  this  linear  scaling  rela¬ 
tionship  since  no  assumptions  about  atom-diatom  interactions  were  made  in 
the  kinetic  analysis.  In  these  experiments,  the  fundamental  vibrational 
relaxation  rate  constant,  k(l,0),  was  directly  measured  and  converted 
into  a  cross  section,  (J(1,0) ,  using  Eq.(4-5).  Upon  comparing  cr(l,0) 
with  the4v  =  -1  cross  sections  determined  in  v'=  3  and  v'=  6,  we  see 
that  the<r(v,v-l)  cross  sections  linearly  scale  as  v'  as  shown  by  the 
solid  circles  in  Fig.  5-7.  (The  error  bars  in  this  figure  represent  the 
systematic  uncertainties  in  that  data.)  Furthermore,  the  extrapolated 
value  ofcr(l,0)  for  the  time  resolved  data  agrees  very  well  with  the 
experimentally  determined  cw  value.  Similar  trends  were  also  observed  in 
thecr(v,v+l)  cross  sections  obtained  in  both  the  cw  and  pulsed  excitation 
experiments. 

The  trends  observed  in  Figs.  5-5,  5-6,  and  5-7  strongly  indicate  that 
IF(B)  +  M  vibrational  energy  transfer  collsions  are  highly  adiabatic;  and 
these  trends  can  be  explained  by  the  standard  vibrational  relaxation 
theories  discussed  in  Appendix  B.  Several  conclusions  drawn  from  this 
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V' 

Figure  5-7.  Vibrational  level  scaling  of  the  v  =  -1  energy 
transfer  cross  sections.  The  time  resolved  data 
(o)  was  slightly  offset  from  the  cw  data  {#)  for 
clarity 


discussion  support  this  collision  picture.  First,  IF(B)  +  M  encounters, 
resulting  in  an  energy  exchange  through  IF(B)  vibration,  can  be  realized 
only  if  the  collision  occurs  along  the  repulsive  part  of  the  interaction 
potential  as  indicated  by  0'y/<?'g  being  much  less  than  one.  That  is,  no 
long  range  forces  such  as  dipole-induced  dipole  effects  contribute  to  the 
coll^ion  process.  Secondly,  the  linearly  decreasing  dependence  of 
CJ’(v,  v-l)/crg  on^^/3  for  the  rare  gases  shows  that  the  lighter  collision 
partners  are  more  effective  in  transferring  energy  than  the  heavier 
gases.  This  means  that  the  average  velocity  of  the  lighter  collision 
reduced  mass  system  more  closely  matches  the  IF(B;v')  vibrational  fre¬ 
quency  relative  to  that  for  the  more  massive  system.  Therefore,  larger 
relative  vibrational  transition  probabilities  are  expected  for  the 
lighter  collision  partners.  Finally,  the  linear  scaling  of  the  state-to- 
state  vibrational  transfer  cross  sections  with  vibrational  level  agrees 
with  the  predicted  behavior  from  the  adiabatic  V-T  theories  of  Landau 
and  Teller^S  and  Schwartz,  Slawsky,  and  Hertzfeld^^.  Since  the  energy 
difference  between  any  two  vibrational  levels  is  essentially  constant  in 
IF(B),  the  probability  for  a  collisional  vibrational  transition  will  only 
depend  on  the  quantum  number  of  the  initially  excited  state  in  a  simple 
V-T  process. 

3,  Multiple  Quantum  Vibrational  Transfer 

As  discussed  in  the  results  section,  multiquantum  vibrational 
transfer  may  not  be  observable  in  these  experiments.  Based  on  this 
discussion,  we  stated  that  the  upper  limit  for  the  multiquantum  transfer 
rate  constants  were  approximately  11  percent  of  the  total  vibrational 


relaxation  rate  constants  for  a  given  bath  gas. 

Computer  modeling  was  performed  to  test  this  conclusion.  The  model 
simulated  the  steady-state  experiments  in  which  v'=  3  was  initially  pre¬ 
pared.  (The  model  was  described  previously.)  The  multiquantum  rate 
constants,  k(3,l)  and  k(3,5)  were  added  to  the  existing  code.  The  value 
of  these  rate  constants  were  chosen  as  0.1,  0.2,  0.3,  0.4,  and  0.5  times 
the  k(3,2)  and  k(3,4)  rate  constants.  Figure  5-8  shows  sample  results.  As 
seen  in  this  figure,  the  predicted  populations  in  v'=  1  using 
k(3,l)  =  0.5k(3,2)  are  about  60  percent  greater  than  the  experimental 
values.  This  difference  is  larger  than  the  upper  limit  for  the  error 
estimates  made  in  the  experimentally  determined  ratios,  N(v'=  1)/N 
{/«40  percent).  Similar  results  were  obtained  with  k(3,l)  being  0.3  and 
0.4  times  the  k(3,2)  rate  constant.  Thus,  these  rate  constants  did  not 
accurately  predict  the  experimental  findings.  However,  the  vibrational 
population  distributions  predicted  using  the  remaining  rate  constants 
were  within  the  error  limits  of  the  experimental  data.  Therefore,  this 
model  predicted  that  multiquantum  transfer  can  occur  with  a  rate  constant 
of 9.2  x  10"^^  cm3  molecule"!  s"!  using  He  as  the  bath  gas.  This  value 
is  19  percent  of  the  measured  v'=  3  to  v'=  2  rate  constant  and  agrees 
with  the  previous  estimate  made  from  the  cw  experimental  data. 

Continuing  this  analysis  with  the  other  noble  gases,  we  found  simi¬ 
lar  results  for  the  population  distributions.  That  is,  the  model  predicted 
rate  constants  that  agreed  reasonably  well  with  the  estimated  multiquan¬ 
tum  rate  constants  determined  previously.  At  bath  gas  pressures  of  one 
Torr,  the  first  order  multiquantum  rate  for  He  is  2.0  x  10^  s"!.  This 
value  is  an  order  of  magnitude  less  than  both  the  radiative  decay  rate 


N/(A)  N 


=  experimantal  values. 


and  the  single  quantum  vibrational  transfer  rate  (assuming  v'=  3  is  ini¬ 
tially  prepared).  These  calculations  lend  support  to  the  conclusions  made 
in  the  pulsed  experiments  that  multiquantum  transfer  may  not  be  important 
Since  we  have  shown  that  IF(B)  +  M  collisions  are  adiabatic  in 
nature,  the  small  probability  for  a  v  greater  than  one  change  in  a 
single  collision  is  not  unreasonable.  According  to  Ehrenfest's  adiabatic 
principle  (Appendix  B),  the  vibrational  energy  ('^BOO  cm"l)  that  must  be 
transferred  in  the  collision  to  accf^mmodate  such  a  process  is  four  times 
the  amount  of  energy  contained  in  the  bath  gas  at  room  temperature.  More 
accurate  experiments  under  single  collision  conditions  are  required  to 
absolutely  determine  the  importance  of  multiple  vibrational  transitions 
in  IF(B). 


4.  Comparisons  with  Other  Studies 

Kinetically,  vibrational  energy  transfer  dominated  electronic 
quenching  in  IF(B)  with  the  noble  gases  and  N2  as  the  bath  gases. 
However,  electronic  quenching  by  O2,  F2,  and  H2O  effectively  competed 
with  vibrational  relaxation  in  the  lower  B  state  manifold  while  vibra¬ 
tional  transfer  dominated  in  the  upper  part  of  the  manifold.  This  was 
because  the  vibrational  transfer  cross  sections  increased  linearly  with 
v'  while  the  electronic  quenching  rate  coefficients  remained  relatively 
unchanged. 

The  results  of  this  study  compare  favorably  with  those  reported  in 
I2(B)27, 50-52  gnj  Br2(B).53  (Comparisons  with  other  halogen  and  inter¬ 
halogen  diatomics  are  not  made  because  state-resolved  vibrational 
transfer  data  are  are  not  availbale.)  In  general,  these  studies  showed 


that  "true"  electronic  quenching  is  slow  when  compared  to  vibrational 
energy  transfer.  Even  when  collision  induced  predissociation  was  postu¬ 
lated  as  the  dominant  depletion  mechanism,  the  rapidity  of  this  process 
may  indicate  the  effectiveness  of  V-T  or  R-T  energy  transfer  and  not 
electronic  quenoriing. 

A  comparison  of  the  12(B),  Br2(B)  and  IF(B)  data  shows  that,  for  a 
given  initially  populated  vibrational  state  and  collision  partner,  the 
vibrational  transfer  rate  constants  measured  in  IF(B)  are  about  a  factor 
of  10  to  100  times  smaller  than  those  measured  in  I2  or  Br2.  The  relative 
efficiency  of  V-T  transfer  in  IF(B)  is  a  consequence  of  an  energy  gap 
argument.  For  example,  in  12(B)  +  M  col  lisions,^*^  k(15,14)  was  reported 
as  6.2  X  10"!^  cm^  molecule"^  s“^  for  initial  excitation  of  v'=  15.  This 
value  is  a  factor  of  ten  greater  than  k(Av  =  -1)  involving  v'=  3  in  IF(B). 
The  spacing  between  v'=  3  and  v'=  2  in  IF(B)  is  about  390  cm"^  (or~'1.9 
■ftT  at  T  =  300  K);  while  the  spacing  between  v'=  15  and  v’=  14  in  12(6) 
is  only ''-'100  cm"l  (~  0.  b-il).  Thus,  the  efficiency  of  vibrational 
transfer  with  the  more  widely  spaced  levels  in  IF(B)  is  expected  to  be 
lower  than  in  I2  if  V-T  transfer  is  the  dominant  mechanism.  Similar 
results  are  obtained  when  comparing  IF(B)  V-T  rate  constants  with  those 
reported  in  both  Br2(B;  v'=  11)53  12(8;  v'=  6, 25, 43). 5^ 

Another  comparison  that  can  be  made  is  that  of  the  range  of  multi¬ 
quantum  vibrational  transfer.  Multiquantum  transfer  occurred  with  a  high 
probability  in  the  upper  vibrational  manifold  of  12(B).  For  example,  a 
Av  =  +4  and  Av  =  ^2  transitions  were  observed  in  a  single  collision  sub¬ 
sequent  to  the  initial  preparation  of  v’=  43  and  v'=  25.  A  ^v  =  ^  2 
change  in  a  single  collision  was  also  observed  in  Br2  +  N2  collisions. 
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TABLE  5-5.  Relative  energy  transfer  cross  sections 

determined  in  the  v'=  3  excitation  studies. 


However,  multiquantum  transfer  was  exxestially  absent  in  I2(B,  v'=  6)  +  M 
col  1 i sions Qualitatively,  these  studies  indicated  that  multiquantum 
transfer  occurred  only  between  levels  that  were  within  kT  (200  cm"l)  of 
the  initially  populated  state.  (For  12(B),  between  v'=  40  and  v'=  43 
and  between  v'=  23  and  v'=  25  are  174  cm"^  and  175  cm"^,  respectively. 

But,  a  4v  =  -2  change  in  12(6  v'=  6)  requires  230  cm"^.)  Based  on  the 

results  of  these  studies,  multiquantum  vibrational  transfer  in  IF(B) 
should  also  be  small  since  800  cm"l  of  energy  is  required  to  make  a 
Zlv'=  -2  change. 

C.  Rotational  Energy  Transfer 

Rotational  energy  transfer  in  IF(B)  dominated  all  other  kinetic  pro¬ 
cesses  as  indicated  in  Table  5-5.  In  this  table,  we  list  the  ratios  of 

the  cross  sections  for  rotational  transfer  to  those  for  vibrational 

transfer  with  the  noble  gases.  As  seen  in  this  table,  the  rotational 
transfer  cross  sections  are  20  to  200  times  greater  than  the  vibrational 
transfer  values  for  a  given  bath  gas. 


The  rotational  energy  transfer  cross  sections  from  Table  4-7  are  sum 


marized  in  Fig.  5-9.  In  this  figure,  we  plot  the  estimated  efficiencies 
or  transition  probability  for  an  R-T  col  lision,  (Jf/crg,  against  the  square 
root  of  the  collision  reduced  mass.  (The  error  bars  shown  in  Fig.  5-9 
represent  the  accuracy  with  which  these  quantities  can  be  determined  in 
these  experiments.)  Several  features  contained  in  Fig.  5-9  reveal  a 
possible  interpretation  of  the  rotational  energy  transfer  mechanism. 
First,  Fig.  5-9  shows  that  the  rotational  transfer  cross  sections  for 
each  collision  partner  are  approximately  equal  to  their  respective  gas 
kinetic  values  since  these  values  may  be  in  error  by  as  much  as  a  factor 
of  two  or  three.  This  observation  suggests  a  brief  collision  encounter 
which  results  in  an  efficient,  impulsive  energy  transfer. 

Secondly,  the  relative  cross  sections  increase  with  collision 
reduced  mass.  This  observation  can  best  be  understood  on  a  classical 
basis.  The  average  amount  of  angular  momentum,  L,  available  in  a  colli¬ 
sion  is 

L=rxp  or  L=  p.v  b  (5-7) 

where  b  is  the  impact  parameter,  |jLis  the  collision  reduced  mass,  and  v 
is  the  average  relative  velocity. ^5  if  it  is  assumed  that  the  impact 

parameter,  b,  in  Eq.(5-7)  does  not  widely  vary  for  different  collision 
partners,  it  follows  that  with  V  =  (S^T/fTjU.)^/^.  Therefore,  the 

heavier  collision  partners,  on  the  average,  bring  more  orbital  angular 
momentum  into  the  collision  which  is  availale  for  exchange  with  rota¬ 
tional  angular  momentum.  Therefore,  the  smooth  variation  of^T’f/^T'g  may 
reflect  the  amount  of  rotational  energy  available  in  the  collision. 


A  simple  physical  picture  of  this  collision  process  can  be  described 
as  follows.  IF(B)  +  M  collisions  can  occur  in  the  following  way:  (a)  M 
can  interact  with  IF(B)  perpendicular  to  the  IF  plane  of  rotation,  (b)  M 
can  collide  with  IF(B)  in  the  rotation  plane  but  perpendicular  to  the 
internuclear  axis,  or  (c)  collisions  can  occur  in  the  rotation  plane 
along  the  internuclear  axis.  As  discussed  before,  collisions  along  the 
internuclear  axis  adequately  describe  the  vibrational  transfer  collision 
interaction.  (On  the  average,  this  type  of  collision  is  less  frequent 
than  the  other  two  types  which  accounts  for  the  low  vibrational  transfer 
efficiencies.)  In  order  for  R-T  collisions  to  be  efficient,  the  bath  gas 
must  be  able  to  alter  the  IF(B)  rotational  angular  momentum.  This  can 
only  occur  if  the  bath  gas  approaches  IF(B)  in  the  planes  perpendicular 
or  parallel  to  IF(B)  rotation.  These  types  of  collisions  are  about  2/3 
more  probable  than  head-on  collisions  which  also  increases  the  relative 
probability  for  R-T  transfer  over  V-T  energy  transfer. 

The  large  probabilities  for  R-T  energy  transfer  suggest  that  the 
collision  process  occurs  along  the  anisotropic  part  of  the  interaction 
potential  (i.e.  long  range  forces  may  influence  the  R-T  collision 
probability).  Since  IF  posesses  a  dipole  moment  an  induced  dipole  in  the 
noble  gases  may  influence  the  collision  process.  (For  IF(X,  v"=  0),  the 
electric  dipole  moment  was  measured  as  1,948  D.56  jhe  dipole  moment  for 
IF(B),  however,  may  have  a  larger  value.)  The  potential  for  a  dipole- 
induced  dipole  interaction  is  proportional  tooC/r^,  where  oC  is  the 
polarizability  and  r  is  the  distance  between  atom  A  and  the  IF  molecule. 
Using  this  potential  in  classical  scattering  theory^/,  one  finds  that  the 
scattering  cross  section,(5’(g) ,  at  an  initial  relative  velocity,  g,  is 


directly  proportional  to  g2 )  1/3 ^  However,  these  experiments  were 

conducted  under  non-mol ecul ar  beam  conditions  at  a  temperature,  T.  Thus, 
the  total  cross  section,  (7,  is  obtained  by  integrating  ^7'(g)  over  the 
Maxwel 1-Bol tzmann  distribution  of  velocities,  f{g),  where  f(g) 
g^  exp( -  ^g2/4T) .  Performing  the  integration,  one  finds  that  the  total 
cross  section,  (T,  is  proportional  to  Figure  5-10  shows  a  plot 

the  rotational  transfer  cross  secti ons ,  against  the  quantity 
for  the  noble  gases.  The  values  of  oL  were  obtained  from  the  listing  of 
Miller  and  Bederson.^8  This  figure  apparently  shows  that  the  cross  sec¬ 
tions  for  rotational  transfer  linearly  increase  with  the  product  of  the 
polarizability  of  the  collision  partner  and  the  collision  reduced  mass. 
Polarization  effects  may,  therefore,  be  important  in  rotational  energy 
transfer  in  IF(B). 

The  qualitative  features  of  the  rotational  distributions  in  the  ini¬ 
tially  populated  vibrational  state  revealed  the  possibility  of  multiquan¬ 
tum  rotational  transitions  occurring  in  a  single  collision.  Unlike  the 
vibrational  relaxation  in  which  the  optical  selection  rule  is  apparently 
obeyed  (4v  -  ,  the  probability  for  a  change  in  J  by4J  >  1  seems  to  be 

higher  than  for  4  J  =  Even  though  a  precise  determination  of  the 
relaxation  mechanism  could  not  be  made,  the  qualitative  results  do  agree 
with  the  results  of  previous  studies.  For  example,  a  change  in  0  by  more 
than  one  quantum  in  a  single  collision  was  observed  in  electronically 
excited  states  of  Na2,^^  and  Li2.^^  Also,  computer  modeling  of 

the  rotational  distribution  in  the  B^7r(0‘'’)  state  of  IF  produced  by 
02(^A)  +  I2  +  F  reaction  agreed  with  the  experimental  data  only  when 
allowance  was  made  for  multiquantum  transitions  with^J  =  -[-hg 


APPENDIX  B:  Elementary  Vibrational  Transfer  Theories 

This  appendix  presents  a  brief  discussion  of  elementary  vibrational 
energy  transfer  theories.  Since  the  majority  of  the  collision  partners 
used  in  the  present  experiments  are  simple  atoms,  the  discussion  is 
limited  to  the  exchange  of  IF(B)  vibrational  energy  to  translational 
energy  of  the  heat  bath.  Also,  no  rotational-to-transl ation  models  are 
presented  since  state  resolved  rotational  relaxation  data  were  not 
obtained  in  the  present  studies. 

1.  Col  1 ision  Geometry 

The  simplest  vibration- to- translation  (V-T)  energy  transfer  model 
to  consider  is  a  collinear  collision  between  a  vibrating  diatomic  mole¬ 
cule,  AB,  and  an  atom  C.  The  collision  geometry  is  shown  in  Fig.  B-1. 

AB  is  assumed  to  be  a  simple  harmonic  oscillator  with  an  equilibrium 
internuclear  distance,  d.  The  distance  between  atom  C  and  the  AB  center 
of-mass  is  r,  and  X  is  the  displacement  of  the  oscillator  AB  from 
equilibrium.  The  intermol ecul ar  potential  energy,  V{r),  varies  with  r 
during  the  collision.  Also,  since  molecule  AB  is  vibrating,  X  will  also 
vary  with  time.  Thus,  this  system  has  a  time-dependent  perturbation 
(changing  external  force),  represented  by  the  change  in  r,  acting  on  a 
quantized  periodic  motion,  represented  by  the  variation  of  X. 

2.  Adiabatic  Approximation 

Expressions  describing  transition  probabilities  for  vibrational 
energy  transfer  can  be  derived  using  various  collision  theories. ^  A 
simple,  although  revealing  interpretation  of  this  collision  process 


TABLE  A-1.  IF(B)  collision-free  lifetimes  and  electric  dipole  moments. 


v' 

Tr 

Re|  2 

0 

7.0  +  .5 

1.07  +  .07 

1 

6.7  +  .3 

1.11  +  .05 

2 

7.1  +  .6 

1.06  +  .09 

3 

6.9  +  .3 

1.09  +  .04 

4 

7.4  +  .6 

1.02  +  .08 

5 

8.1  +  .4 

0.95  +  .05 

6 

8.2  +  .4 

0.95  +  .05 

7 

8.6  +  .4 

0.93  +  .04 

8 

8.6  +  .5 

0.95  +  .05 

TABLE  A-2.  IF(B) 

spectroscopic  constants. 

TERM 

DUNHAM 

COEFFICIENT 

X  STATE  VALUE 

B  STATE  VALUE 

^e 

^0,0 

0 

19052.28285 

CJe 

Yl,0 

610.22649 

411.27590 

CJgXe 

-Y2,0 

3.12534 

2.85844 

CJe^e 

^3,0 

-2.6139  X  10-3 

-6.2411  X  10-2 

Be 

Yo.i 

0.27970959 

0.22766136 

0^  e 

-Yl.l 

1.87215  X  10-3 

1.74204  X  10-3 

APPENDIX  A:  Radiative  and  Spectroscopic  Properties  of  the  IF(B  X)  System 

Table  A-1  lists  the  average  radiative  1 ifetimes ,  Tr,  and  the 
corresponding  dipole  moments,  |  Re  |  ^,  for  each  stable  vibrational  level 
as  determined  by  Clyne  and  McDermid.^^  The  radiative  lifetimes  and, dipole 
moments  have  units  of  ^s  and  (Debye)2,  respectively.  The  lowest  order 
spectroscopic  constants  for  both  the  B  and  X  states  of  IF  are  collected 
in  Table  A-2.  These  constants  are  routinely  used  in  low  to  medium  reso¬ 
lution  spectroscopic  studies.  Higher  order  terms  are  found  in  Ref. 13, 
and  should  be  used  for  calculating  line  positions  in  high  resolution 
experiments.  All  of  the  spectroscopic  constants  are  in  units  of  cm'l. 
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assumptions  that  were  made  in  this  work.  For  example,  more  precise 
experiments  are  needed  to  quantitatively  determine  the  quenching  mech¬ 
anism  by  O2  and  H2O.  Furthermore,  low  pressure  IF(B)  quenching  and 
vibrational  transfer  experiments  are  needed  to  determine  the  colli- 
sional  effects  of  I2  and  IF(X)  on  IF(B).  Single  collision  experiments  are 
also  needed  to  absolutely  determine  the  importance  of  multiple  vibra¬ 
tional  transitions. 

Finally,  the  most  important  study  that  should  be  attempted  is  a 
low  pressure  (single  collision),  state-resolved  rotational  transfer 
investigation.  Such  a  study  would  be  the  first  for  an  interhalogen 
diatomic  and  would  be  one  of  the  few  performed  in  an  electronically 
excited  state  of  a  heteronuclear  diatomic  molecule.  These  studies  are 
necessary  for  several  reasons.  First,  rotational  energy  transfer  data 
provide  information  on  the  angular  dependence  of  the  intermolecular 
interaction  potential.  This  information  can  then  be  used  to  determine 
selection  rules  for  the  energy  transfer  process.  For  example,  inver¬ 
sion  symmetry  considerations  in  homonuclear  molecules  such  as  I2 
restricted  transitions  to  +2J.  This  section  rule  shoule  be  relaxed  in 
IF  since  there  exists  no  inversion  symmetry,  and  a  more  extensive  rota¬ 
tional  redistribution  may  be  observed.  Finally,  the  effects  of  polar 
collision  partners  on  the  rotational  transfer  process  should  be  more  dra¬ 
matically  evident  since  IF  possesses  a  permanent  dipole  moment. 


method  for  analyzing  the  experimental  data. 


Rotational  energy  transfer  in  IF(B;  v')  with  the  noble  gases  and  N2 
was  the  most  efficient  collisional  process  in  IF(B).  Rotational  energy 
transfer  was  typically  200  times  more  efficient  than  vibrational 
transfer.  The  efficiencies  for  R-T  energy  transfer  showed  a  strong  depen¬ 
dence  on  both  the  collision  reduced  mass  and  the  ploarizabi 1 ity  of  the 
collision  partner  with  the  largest  rate  constants  being  measured  for  the 
heavier  collision  partners  such  as  Kr.  An  examination  of  the  vibrational 
band  envelopes  indicated  that  multiquantum  rotational  jumps  may  be  highly 
probable  within  the  B  state  vibrational  levels. 

I  B.  Further  Studies 

The  vibrational  transfer  data  that  was  presented  in  this  text 
should  be  adequate  to  make  meaningful  comparisons  with  a  number  of  scat¬ 
tering  models  which  have  been  proposed  to  explain  energy  transfer  in 
gases.  Since  the  B  state  of  IF  behaves  as  a  classical  harmonic  oscilla¬ 
tor  as  indicated  by  the  observed  trends  in  the  cross  sections,  the  more 
traditional  theories  such  as  Landau-Teller  and  SSH  should  first  be 
employed  to  predict  both  the  absolute  rates  and  the  observed  trends  in 
the  cross  sections.  More  sophisticated  quantum  mechanical  models  may 
then  follow  this  analysis.  These  calculations  are  important  since  they 
not  only  test  the  model  and  its  limitations,  but  also  provide  physi¬ 
cally  important  intermolecular  potential  parameters.  These  parameters 
can  then  be  used  in  numerical  trajectory  calculations  to  obtain  a 
physical  picture  of  the  collision  process. 

Additional  experiments  should  be  performed  to  evaluate  certain 
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The  vibrational  transfer  rate  constants  were  typically  two  orders  of 
magnitude  greater  than  the  corresponding  quenching  rate  constants  for  the 
noble  gases  and  N2.  For  O2  and  F2,  however,  electronic  quenching  effec¬ 
tively  competed  with  vibrational  transfer  in  the  lower  vibrational  mani¬ 
fold.  The  vibrational  transfer  cross  sections  for  the  noble  gases,  N2, 
and  O2  scaled  linearly  with  vibrational  quantum  number  (i.e.,(J'(v,  v-1) 
monotonical ly  increased  with  v.)  The  lightest  collision  partners  were 
the  most  efficient  vibrational  transfer  agents;  and  the  vibrational 
transfer  efficiency  for  the  noble  gases  appeared  to  monotically  decrease 
with  the  collision  reduced  mass  as  predicted  by  the  SSH  vibrational 
transfer  theory.  These  results  showed  that  the  elementary  vibrational 
transfer  theories  accurately  predicted  the  observed  trends  in  IF(B). 
Finally,  vibrational  relaxation  predominately  occurred  via  a4v  =  -1 
cascade  with  multiquantum  vibrational  transfer  not  being  important. 

An  important  result  of  these  vibrational  transfer  experiments  was 
that  the  numerical  value  of  the  rate  constants  determined  in  the  two 
experimental  methods  agreed  to  within  experimental  error.  The  results 
showed  that  both  methods  were  needed  to  completely  characterize  the 
vibrational  transfer  process.  Temporally  and  spectrally  resolved  LIF  was 
the  most  accurate  method  for  determining  the  absolute  magnitudes  of  the 
rate  constants  since  the  events  are  observed  in  real  time.  The  cw  method 
provided  a  quantitative  evaluation  of  the  population  redistribution  and 
multiquantum  transfer  processs.  The  cw  method  also  provided  an  unam- 
bigious  determination  of  vibrational  rate  scaling  since  no  a  priori 
assumptions  were  made  about  the  collision  process  in  developing  the 


VI.  CONCLUSIONS 


A.  Summary 

Detailed  collisional  energy  transfer  was  studied  in  the  B^TCtO'*’) 
state  of  iodine  monofluoride  (IF)  using  laser  induced  fluorescence  (LIF) 
in  a  chemically  reactive  flow  system.  Electronic  quenching  and  vibra¬ 
tional  energy  transfer  were  studied  as  a  function  of  both  initially  popu¬ 
lated  vibrational  level  and  collision  partner  using  both  steady-state  and 
time  resolved  LIF  methods.  Rotational  energy  transfer  was  studied  as  a 
function  of  collision  partner  by  measuring  the  total  removal  rate  from  an 
initially  populated  rotational  level  under  cw  excitation  conditions. 

The  B  state  of  IF  was  relatively  immune  to  electronic  quenching  by 
the  noble  gases  and  N2;  and  an  upper  limit  for  the  quenching  rate 
constant  by  these  gases  was  assigned  as  1  x  10"^^  cm^  molecule"^  s“^. 
These  rate  constants  were  also  independent  of  vibrational  quantum  number. 
Quenching  by  F2  and  O2  was  more  efficient  but  displayed  relatively  slow 
rate  coefficients.  Electronic  quenching  by  I2  efficiently  depleted  the 
IF(B)  population  with  a  rate  constant  estimated  as  1.3  times  greater  than 
the  gas  kinetic  value.  The  rapid  quenching  of  IF(B)  by  I2  is  striking  and 
may  indicate  a  process  in  which  I2(X;  v"»  0)  is  formed.  Quenching  by 
O2  may  be  a  two-fold  process  where,  at  short  times,  E-^  E  energy  transfer 
may  provide  the  initial  loss  of  IF(B)  population.  IF{B)  depletion  rate 
constants  were  also  measured  for  H2O.  At  short  times,  H2O  efficiently 
removed  IF(B)  population  with  a  thermally  averaged  cross  section 
approaching  the  hard  sphere  value. 

Vibrational  energy  transfer  dominated  electronic  quenching  in  IF(B). 


these  kinetic  processes  may  not  be  immediately  evident. 

These  experiments  also  show  that  the  two  experimental  methods  are 
complementary  to  each  other,  and  both  methods  are  needed  to  fully  charac¬ 
terize  detailed  energy  transfer  processes.  The  time  resolved  experiments 
provide  the  most  natural  method  for  determining  rate  constants  since  the 
events  are  observed  in  real  time.  The  accuracy  in  determining  these  rate 
coefficients  depends  only  on  the  method  which  is  used  to  extract  the 
values  from  the  data.  However,  this  experimental  method  has  two 
drawbacks.  First,  time  resolved  LIF  methods  do  not  allow  one  to  deter¬ 
mine  how  the  population  is  redistributed  among  the  available  energy 
levels  since  the  method  involves  observing  the  time  history  of  a  single 
quantum  state.  Secondly,  the  analysis  of  the  data  becomes  very  complex 
when  V-T  or  R-T  transfer  is  studied  among  energy  levels  which  are  very 
closely  spaced  (i.e.  when  <  kT). 

These  two  problems  are  overcome  by  performing  the  cw  experiments. 

The  steady-state  experiments  provide  an  unambiguous  determination  as  to 
how  the  population  is  redistributed  among  the  various  energy  levels,  and 
an  uncumbersome  evaluation  of  multiquantum  transfer  processes  which 
become  important  for  closely  spaced  energy  levels.  Since  the  relative 
population  distributions  are  known,  providing  that  one  accounts  for  addi¬ 
tional  kinetic  effects  due  to  background  gases,  the  steady-state  analysis 
lends  itself  to  a  straightforward  determination  of  the  rate  constants  for 
situations  when  the  enrgy  levels  are  closely  spaced.  However,  systematic 
errors  can  plague  the  accuracy  of  the  absolute  value  of  the  rate 
constants.  This  problem  is  absent  in  the  pulsed  experiments  with  the 
errors  being  due  to  statistical  uncertainties  in  the  data. 
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results  of  these  previous  studies  coupled  with  the  qualitative  conclu¬ 
sions  in  this  work  strongly  suggest  that  multiple  quantum  rotational 
transitions  occurr  in  IF(B).  However,  conclusive  evidence  of  this  mecha¬ 
nism  can  only  be  obtained  in  low  pressure  (single  collision),  rota¬ 
tional  ly  state  resolved  experiments. 

D.  General  Observations  Concerning  Steady-State  and  Time-Resolved 
Experiments 

The  results  of  these  energy  transfer  studies  show  that  problems  may 
occur  in  determining  energy  transfer  rate  constants  using  cw  LIE  in  a 
chemically  reactive  flow  system.  The  problem  originates  from  the  chemi¬ 
cally  reactive  nature  of  the  flow  system.  As  we  have  seen  in  the  present 
experiments,  chemically  reactive  systems  (i.e.,  the  I2  +  F2  reaction)  are 
very  sensitive  to  changes  in  the  flow  conditions  as  indicated  by  the 
increase  in  the  IF(X)  number  density  with  increased  bath  gas  pressures. 
The  effect  of  changes  in  both  flow  conditions  and  the  concentration  of 
unreacted  species  must  be  accounted  for  in  the  cw  data  analysis  if  they 
affect  the  kinetics  of  the  collision  process  being  studied. 

This  problem  is  surmounted  by  performing  the  experiments  using  tem¬ 
porally  and  spectrally  resolved  LIF.  Here,  the  time  history  of  molecu¬ 
les  rather  than  the  relative  number  density  in  a  vibrational  or  electro¬ 
nic  state  is  important.  Small  changes  in  the  flow  conditions  will  not 
affect  the  determination  of  the  rate  constants.  In  fact,  as  seen  in  the 
quenching  studies,  anomalous  behaviors  will  surface  in  the  data  analysis 
providing  additional  kinetic  information  which  will  be  masked  in  the  cw 
experiments.  This  additional  infomation  can  only  be  obtained  in  cw 
experiments  by  performing  separate  studies,  usually  with  foresight,  since 


describing  the  efficiency  of  vibrational  energy  transfer  is  obtained 
using  Ehrenfest's  adiabatic  principle. This  principle  is  based  on  the 
effect  of  an  external  force  on  a  quantized  periodic  motion.  In  par¬ 
ticular,  if  the  relative  change  in  the  strength  of  the  external  force  is 
small  during  the  period  of  motion,  then  the  process  is  called  adiabatic. 
In  classical  collision  theory  (i.e.,  when  one  deals  with  collisions 
involving  a  molecule  and  an  atom  which  are  both  treated  as  elastic  hard 
spheres),  adiabatic  collisions  describe  encounters  which  involve  "soft" 
forces.  Since  these  forces  change  slowly  with  distance,  there  is  usually 
no  net  transfer  of  energy  between  the  collision  partners.  In  contrast  if 
the  change  of  force  is  strong  during  the  period  of  motion,  quantum 
transitions  can  occur  in  which  case  the  process  is  called  non-adiabatic 
or  impulsive. 

These  two  processes  are  usually  expressed  in  terms  of  an  adiabati- 
city  parameter, ^ , which  is  defined  below. 

tc/t  (B-1) 

where  T(-  is  the  duration  of  the  collision,  and  t  is  the  period  of 
motion.  Therefore,  adiabatic  collisions  correspond  to  large  values  of 
^  while  the  criterion  for  a  non-adiabatic  process  is 

f  <  1  or  Tc  <  t  (B-2) 


The  collision  time  can  be  expressed  as 


where  >£  is  the  effective  range  of  the  intermol ecul ar  force  and  v  is  the 
average  thermal  velocity  of  the  collision  pair,  given  by 


V  =  (B-4) 

Thus,  the  criterion  for  efficient  energy  transfer  becomes 

>^4E/h  (B-5) 

where  ilE  =  hv  =  h/t  and  2^  is  the  frequency  of  the  periodic  motion.  So, 
qualitatively,  energy  transfer  will  be  favored  for  collisions  involving 
partners  with  small  masses,  small  energy  level  spacings,  a  steep  inter- 
molecular  potential  (small  value  of^),  and  high  temperatures. 

3.  Landau-Teller  Model 

Landau  and  Teller^^  developed  an  elementary  theory  of  vibrational 
relaxation  based  on  Ehrenfest's  adiabatic  principle.  The  LandaL'-Teller 
theory  assumes  that  perturbations  which  induce  transitions  are  linear  in 
the  normal  coordinate,  which  is  the  internuclear  seperation  for  a 
harmonic  oscilator.  It  is  also  assumed  that  this  perturbation  is  small  so 
that  first  order  perturbation  calculations  can  be  made.  With  these 
assumptions,  Landau  and  Teller  found  that  the  probability,  ^ 

collisional  transition  from  v  =  1  to  v  =  0  was  represented  by  the  Fourier 
component  of  the  time  dependent  perturbation  at  the  oscillator  frequency: 

^0*^1  ^10  I  ^ 

where  X^q  =  <v  =  1  |  X  |  v  =  0>,  X  is  the  displacement  of  the  oscillator, 
F(t)  is  the  force,  and  7;  is  the  oscillator  frequency.  If  the  time  depen- 
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F(t)  exp[27Xii^t)  dt 


(B-6) 


dent  force,  F(t),  experienced  by  the  molecule  rapidly  changes  as  the  atom 
approaches,  the  force  will  have  many  Fourier  components.  It  is,  there¬ 
fore,  likely  that  some  of  these  Fourier  components  will  occur  at  the 
oscillator  frequency,!^,  making  a  transition  highly  probable. 

Landau  and  Teller  also  concluded  that  the  probability  of  energy 
transfer  depends  on  the  ratio  of  the  period  of  vibration  to  the  interac¬ 
tion  time.  They  assumed  an  interaction  potential  of  the  form 
V(r)  =  Vq  exp  (-oCr)  where  o(.=  TfW/y, 

Averaging  over  the  Maxwell  distribution  of  velocities  for  the  relative 
motion,  the  average  probability  of  deactivation  per  collision  is 

PlQoC  exp[-3(27r4fti;2/^2^  j)l/3]  (B_7) 

In  general,  the  average  probability  of  deactivation  per  collision  for  any 
transition  from  vibrational  level  n  to  n-1  was  determined  as 

Pn,n-1  =  n  ^10  (B-8) 

where  P^q  is  given  in  Eq.(B-7).  Equation  (B-8)  indicates  that  the  matrix 
elements  for  collisional  transitions  are  identical,  to  within  a  constant, 
with  those  for  radiative  transitions.  Therefore,  the  same  selection 
rules  hold  for  collisional  transitions  as  for  radiative  ones:  tran¬ 
sitions  can  occur  only  between  adjacent  vibrational  levels. 

Equation  (B-7)  shows  the  same  qualitative  features  for  the  efficiency 
of  vibrational  transfer  as  in  Ehrenfest's  adiabatic  principle.  That  is, 
efficient  transfer  is  favored  for  small  masses,  small  vibrational  frequen¬ 
cies,  short  interaction  distances,  and  high  temperatures. 


4.  SSH  Theory 

The  Landau-Teller  theory  assumes  an  adiabatic  collision  which  leads  to 
small  transition  probabilities.  The  intermolecular  potential  describes  a 
weak  interaction  in  which  colliding  molecules  are  turned  around  at  a  large 
separation  and  thus,  any  perturbation  will  be  weak.  Such  an  interaction 
is  not  realistic  because  it  ignores  the  attractive  component  of  the  inter¬ 
molecular  potential.  This  attractive  part  causes  an  acceleration  of  the 
colliding  partners  and  aids  in  the  energy  transfer  process. 

Schwartz,  Slawsky,  and  Herzfeld^^  developed  a  quantum  mechanical 
theory  which  incorporated  the  attractive  part  of  the  potential.  The  form 
of  the  potential  was 


V(r)  =  Vq  exp(-o(.r)  -£ 


(B-9) 


Equation  (B-9)  essentially  describes  a  repulsive  potential;  and  the 
attractive  forces,  represented  by  (-f),  are  regarded  as  simply  increasing 
the  velocity  of  relative  motion,  thus  favoring  a  higher  transition  proba¬ 
bility.  Using  this  potential,  the  SSH  V-T  relaxation  probability  is 


Pn,n-1  dC[Vn,n-ll^  exp[-3/2 ( 97T)l/3  +(9/27  +  ^Mt] 

0  U  / 

(3-10) 


where  9'  =  5)=1iayy5.2b 

The  term,  [Vp^n_l]2,  is  the  square  of  the  matrix  element  for  the  tran¬ 
sition  between  states  n  and  n-l.  It  represents  the  coupling  of  the  ini¬ 
tial  and  final  states  of  the  oscillator  under  the  influence  of  the  pertur¬ 
bation  produced  by  the  collision.  This  term  also  corresponds  to  the 


square  of  the  Fourier  component  of  the  varying  force  at  the  oscillator 
frequency  which  as  described  in  the  Landau-Teller  theory.  This  matrix 
element  is  given  by  Eq.(B-ll)  for  single  quantum  vibrational  transitions. 


[Vn,n-l]2  (A)2  n/2^  (B-11) 

where  «>Cis  the  repulsion  parameter,  y  =  and  (A)2  is  a  mass  depen¬ 

dent  term. 

The  results  of  the  SSH  theory  qualitatively  give  the  same  mass,  tem¬ 
perature,  and  vibrational  frequency  dependence  on  the  transition  probabi¬ 
lity  as  was  found  in  the  Landau-Teller  theory.  The  major  difference  bet¬ 
ween  the  two  theories,  though,  is  the  exponential  term  which  includes  the 
attractive  part  of  the  potential,  -£  .  For  cases  where  the  attractive 
potential  is  large,  the  term  exp(€/kT)  becomes  dominant.  This  gives  rise 
to  a  higher  transition  probability  which  will  vary  inversely  with  tem¬ 
perature. 

More  complicated  vibrational  energy  transfer  theories  can  be  found 
in  the  literature.  But,  qualitative  comparisons  are  usually  made  between 
experimental  data  and  the  three  theories  discussed  in  this  section.  For 
quantitative  comparisons,  the  SSH  theory  is  most  widely  used.  In  past 
studies,  the  SSH  theory  accounted  semi-quantitatively  for  most  of  the 
principal  features  of  vibrational  energy  transfer,  and  give  fair  quan¬ 
titative  predictions  for  simple  molecules. 2 


APPENDIX  C:  “^teady-State  Backtransfer  Corrections 

The  correction  for  vibrational  backtransfer  in  Eq.(2-8b)  due  to 
multiple  collisions  is  obtained  by  adding  an  input  term  from  all  other 
vibrational  levels  to  Eq.(2-7a).  From  the  master  equation,  the 
appropriate  expression  is 

^oi'No  +  k(vi+i,Vi)'M  N(vt+i)  +  k{vi_i,Vi)'M  N(vi_i) 

"  1  +  Rb''^B  +  (Qm'  +  k/)M  (C.ia 

where  S  kji  N,  =  k(vT+i,  v^  )N(vi+i)  '''  •<(vi-l.Vi  )N( v^ _i)  and  only  4 v  = 
transitions  are  considered  (i.e.,  Vf  =  v-j+i).  Combining  Eqs.(C-la)  and 
(2-4a),  one  obtains  after  rearrangement 

[1  +  Qm'M  +  Rb'Nb]  [N/N(vi)]  +  CMvi+i.Vi)  N(vi+i)/N(  v^ ) 

+  k(vi.i,Vi)'N(vi.i)/N(vi)]  M  =  ky'M  (C-lb 

Equation  (C-lb)  provides  a  very  convienent  method  for  obtaining  a 
backtransfer  correction  to  the  vibrational  relaxation  rate  constants. 
After  obtaining  the  state-to-state  rate  constants  from  the  experimental 
data,  the  reverse  rates,  k(vi+i,  ''i)»  calculated  using  detailed 
balance.  These  values  are  then  inserted  into  Eq.(C-lb)  to  obtain  the 
"corrected"  value  for  the  total  removal  rate  constant,  ky'.  This  pro¬ 
cedure  is  continued  by  cycling  the  results  through  Eqs.(2-8)  and  (C-lb) 
until  consistent  values  are  obtained.  Although  these  equations  were  deve 
loped  for  single  quantum  transitions,  extensions  for  multiple  quantum 
transitions  can  easily  be  made. 


Specific  trends  in  the  Stern-Volmer  plots  which  are  used  to  extract 
the  rate  constants  may  indicate  the  presence  of  vibrational  backtransfer. 
Assuming  that  the  vibrational  level,  Vj.i,  is  solely  responsible  for 
collisional  repopulation,  Eq.  (C-lb)  is  re-written  as 

(1  +  Qm'M  +  QB'NB)[N/N(vi)]  =  k^'M  -  k(vi.i,Vi)'M  N(vi.i)/N(vi )  (C-2) 

Since  the  ratio  N(vi_i)/N(vi )  is  also  proportional  to  the  bath  gas  density, 
M,  via  Eq.(2-8b),  we  have 

N/N(vi)<5C  CiM  +  C2M2  (C-3) 

Therefore,  relative  number  densities  which  have  a  quadratic  dependence  on 
the  bath  gas  density  in  a  Stern-Volmer  plot  is  evidence  for  multiple 
collision,  backtransfer  effects. 

In  the  R-T  studies,  rotational  backtransfer  need  not  be  considered 
since  only  a  small  fraction  of  molecules  transferred  out  of  return  to 
it. 25  This  is  a  consequence  of  the  fact  that  AEf.  <<  kT  at  room  tem¬ 
perature  for  IF(B)  which  results  in  a  large  probability  for  multiquantum 
transfer.  For  example,  the  rotational  level  spacings  are  typically  less 
than  20  cm“l  around  the  Boltzmann  maximum  in  the  B  state  of  IF(Jm~21). 
According  to  Ehrenfest's  principle,  this  means  that  multiquantum  tran¬ 
sitions  are  highly  probable  with  as  much  as  10  rotational  quanta  being 
exchanged  in  a  single  collision.  Therefore,  secondary  collisions  which 
deplete  Jf  result  in  the  population  of  a  wide  range  of  rotational  energy 
levels. 

However,  vibrational  backtransfer  must  be  considered  since  vibrational 
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transfer  from  v-j  affects  all  rotational  levels  equally.  But,  vibrational 
transfer  into  v-j  from  other  col  1  i sional ly  populated  vibrational  levels 
will  most  likely  populate  a  rotational  level  other  than  the  initially 
excited  one.  So,  by  simply  combining  Eqs.(C-la)  and  (2-9),  one  obtains 
after  rearrangement: 

P[N(v.|)/N(J)  -  1]  -  TM  =  kp'M  (C-4a) 

where 

P  =  1  +  (Qm'  +  kv')M  +  Rb’Nb  (C-4b) 

and 

T  =  k(vi+i,v.j)'  N(vi+i)/N(vi)  +  k(vi_i,v.j)'  N(vi_i)/N(vi ) 


(C-4c) 


APPENDIX  0:  Qualitative  Features  of  Temporally  Resolved  Vibrational 
Relaxation  Data. 

Although  a  unique  interpretation  of  the  simple  vibrational  relaxation 
problem  presented  in  Chapter  II  cannot  be  made,  some  general  features  of 
spectrally  and  temporally  resolved  vibrational  relaxation  can  be 
described.  For  simplicity,  assume  that  all  of  the  upward  rates  are 
negligible.  Thus,  Eqs.(2-13)  reduce  to: 

N(v)t  =  N(v)t=oe-^'t  (D-la) 

N(v-l)t  =  4-r  -e-y’t]  (D-lb) 

where  oc'  =  k(v,v-l)M  +r'(v),  k(v,v-l)M  N(v)|;=o.  and  k(v-l,v-2)M  + 

r(v-i) 

Equation  (D-la)  shows  that  the  population  in  the  initially  excited 
state  decays  exponentially  in  time  with  the  decay  rate  being  much  faster 
than  the  decay  observed  for  total  fluorescence.  This  effect  is  graphi¬ 
cally  demonstrated  in  Fig.  0-1.  (These  spectra  were  obtained  in  the 
presence  of  1.3  Torr  of  He  subsequent  to  excitation  of  v'  =  3  in  IF(B).) 
Spectrally  unresolved  fluorescence  is  pictured  in  Fig.  D-la  in  which  the 
decay  results  from  the  removal  of  population  from  the  entire  B  state 
manifold.  Figure  D-lb  represents  the  time  evolution  of  the  spectrally 
resolved  v'  =  3  state.  The  decay  of  v'  =  3  combined  with  the  data  in 
Fig.  D-la  is  direct  evidence  that  the  population  in  v'=  3  is  being 
redistributed  among  the  vibrational  levels  in  IF(B). 

Equation  (C-lb)  shows  that  the  time  evolution  of  the  population  in  the 
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"satellite"  bands  is  described  by  a  difference  in  two  exponentials  as 
depicted  in  Fig.  D-2.  The  characteristic  rising  and  falling  exponential 
corresponds  to;  (1)  the  time  required  to  populate  v-1  from  v,  and  (2)  the 
subsequent  collisional  decay  of  the  state  to  v-2  coupled  with  quenching 
and  radiative  effects.  The  maximum  in  the  decay  curve  occurs  when' 
dN(v-l)/dt  =  0  or  at  t  =  C/M,  where  C  is  a  constant  and  with 
r(v)  =r(v-l).  Thus,  this  maximum  decreases  towards  shorter  times  as  the 
bath  gas  pressure  is  increased.  This  means  that,  at  higher  bath  gas 
pressures,  it  takes  less  time  to  populate  v-1  from  v.  Of  course,  at 
these  higher  pressures,  enough  population  has  built  up  in  v-1  that 
relaxation  to  v-2  must  now  be  included  in  the  analysis.  The  high 
pressures  also  increase  the  probability  of  backtransfer  due  to  multiple 
collisions  thereby  forcing  the  inclusion  of  reverse  rates  (i.e., 
k(v-l,v))  to  account  for  this  process. 


APPENDIX  E;  Montroll  and  Shuler  Solution  to  Time  Resolved  Vibrational 
Rel axation 

The  Montroll  and  Shuler  (MS)^^  kinetic  equation  describing  the  time 
evolution  of  a  system  of  harmonic  oscillators  immersed  in  an  inert  heat 
bath  (omitting  quenching  and  radiative  effects)  is  given  below. 

dXn(t) 

-  =  -K(n,n+l)Xn(t)  -  K(n,n-1 )Xn( t)  +  K ( n+1 ,n )Xn+i ( t )  + 

dt 

K(n-l.n)Xn_i(t)  (E-1) 

where  n  =  0,  1,  2,....,  Xf^(t)  is  the  population  of  level  n,  and  K(n,m)  is 
the  first  order  vibrational  relaxation  rate  constant  from  level  n  to 
level  m.  The  general  relaxation  equation  was  further  simplified  using  the 
Landau-Teller  prescription  for  the  collisional  transition  probabil¬ 
ities. 2d  These  rates  have  the  form 


K(n,n-1)  =  k(n,  n-l)M  =  nk(l,0)M 

K(n-l,n)  =  n  exp(-0  )k(l,0)M  (E-2) 


where  (5=  hi>MT  and  X'  denotes  the  fundamental  frequency  of  the  oscillators. 
The  quantity  M  is  the  bath  gas  concentration  and  k(l,0)  is  the  basic 
parameter  in  the  analysis.  The  equation  solved  by  Montroll  and  Shuler  is 


dX 


n(t)/dt  =  k(l,0)[ne-®  X^-i  -  [n  +  (n+De"®]  Xp-i  +  (n+l)Xn+i]  (E-3) 


For  an  initial  ^-function  distribution  in  which 

r 

1  if  n  =  m 

Xn(0)  =  < 

0  otherwise 


(E-4) 


the  equation  describing  the  time  development  of  the  population  of  any 
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vibrational  level  is 


Xn(t) 


(1  -  eQ)  eW  e-t  - 

(e""^-  e®)  \  e"^-  e®/ 


F(-n,-m,l;u2) 


(E-5) 


where 

SINH(e/2) 

U  =  - 

SINH(T/2) 

'I  =  Kt(l-e-®) 

F  =  hypergeometric  function 

The  solution  to  the  master  equation  presented  above  does  not  consider 
concurrent  collisional  (i.e.,  quenching)  or  radiative  transitions.  How¬ 
ever,  when  a  study  involves  vibrational  relaxation  in  an  electronically 
excited  state,  one  must  account  for  these  kinetic  events  to  properly 
describe  the  full  relaxation  process.  Rubin  and  Shuler, in  studying 
this  effect,  found  that  concurrent  transitions  do  not  change  the  relaxa¬ 
tion  behavior  of  the  system  of  harmonic  oscillators.  The  only  change  is 
in  the  time  scale  of  the  relaxation  in  that  Eq.(E-5)  must  be  multiplied 
by  exp(-rt)  where  V  is  given  by  Eq.(2-llc).  Therefore,  time  resolved 
vibrational  relaxation  data  were  analyzed  by  fitting  the  data  to  the 
corrected  form  of  Eq.(E-5),  in  which  there  exists  only  one  adjustable 
parameter:  the  vibrational  relaxation  rate  constant,  K(1,0). 


The  unique  feature  of  the  MS  solution  is  that  it  takes  into  account 
not  only  the  initial  decay  from  various  vibrational  levels,  but  also  the 
reverse  pathways  which  become  important  at  the  higher  bath  gas  pressures 


(i.e.,  multiple  collisions  repopulating  the  initial  level).  Corrections 
for  anharmonicity  can  also  be  included  in  the  analysis.  This  correction 
is  more  difficult  since  it  would  involve  numerical  integration  of  the 
general  relaxation  equation.  But,  the  relaxation  behavior  of  a  system  of 
anharmonic  oscillators  can  be  represented,  quite  accurately,  by  a  system 
of  harmonic  oscillators  provided  the  anharmonic  constants  are  not  very 
large. For  example,  Bazley  et  al showed  that  the  difference  in  the 
relaxation  behavior  between  the  harmonic  and  anharmonic  oscillators  was 
quite  small,  amounting  at  most  to  0.1  or  about  5Xg  for  OH 
(xg  =  2.217  X  10“2)  where  Xg  =6JeXe/(^e*  ®2» 

ference  amounted  to  less  than  0.01  or~lXg  (xg  =  7.639  x  10“^).  Based  on 
these  results,  the  difference  between  an  harmonic  and  an  anharmonic 
oscillator  analysis  in  the  B  state  of  IF  (xg  =  3.2  x  10"^)  should  be  less 
than  one  percent.  Therefore,  the  harmonic  oscillator  analysis  should 
quite  accurately  describe  vibrational  relaxation  in  IF(B). 


APPENDIX  F:  Number  Density  Estimates  for  the  Time  Resolved  Experiments 


Precise  measurements  of  IF(X)  number  densities  could  not  be  made  due 
to  the  kinetically  unstable  nature  of  the  molecule.  However,  an  upper 
limit  of  the  IF(X)  concentration  was  estimated  in  the  following  way  given 
typical  starting  conditions  (i.e.  no  bath  gases  and  a  choked  flow).  First, 
the  12/He  flow  was  established,  resulting  in  a  cell  pressure  of  0.07 
Torr,  with  a  15  Torr  helium  back  pressure  in  the  I2  resevior.  Since  the 
iodine  vapor  pressure  is  0.3  Torr  at  room  temperature,  the  ratio  of  P(He) 
to  P(l2)  was'^SO:!  in  the  cell  assuming  a  saturated  flow.  This  gives  an 
estimated  iodine  cell  pressure  of  2  x  10"3  Torr.  Next,  the  F2/He  flow  was 
established.  This  flow  raised  the  total  cell  pressure  from  0.07  Torr  to 
0.2  torr  with  1.3  x  lO"^  Torr  of  the  total  being  F2.  Therefore,  the  maxi¬ 
mum  IF(X)  concentration  was  6.4  x  10^^  molecules  cm"3  assuming  that  all 
the  I2  has  reacted.  The  remainder  of  the  gas  mixture  was  estimated  as 
6.0  X  10^5  atoms  cm"^  of  He  and  3.9  x  10^'^  molecules  cm"^  of  unreacted 
fluorine. 

In  practice,  the  IF(X)  number  density  was  less  than  the  above  esti¬ 
mated  value  since  fluorescence  from  unreacted  I2  was  observed  using  514.5 
nm  radiation  with  both  reactants  in  the  cell.  Therefore,  it  is  desirable 
to  calculate  a  lower  limit  for  the  IF(X)  concentration  and  then  average 
the  two  values  to  obain  reasonable  number  density  estimates. 

An  estimate  for  the  lower  limit  of  the  IF(X)  concentration  was 
obtained  by  solving  the  kinetic  expressions  describing  reactions  (3-1) 
and  (3-2).  The  kinetic  equation  describing  reaction  (3-2)  is 


d[IF(X)] 

-  =  k2  [l2f^]  [F] 

dt 


{F-1 


where  k2  is  the  rate  constant  for  reaction  (3-2).  Assuming  that  [I2F]  is 
small,  we  can  solve  for  [I2F]  in  the  steady-state  approximation.  The 
result  is  given  in  Eq.(F-2). 

[I2F]  =  ki[l2]  [F2]/k2[F]  (F-2 

Inserting  Eq.(F-2)  into  Eq.(F-l),  we  obtain 

d[IF(X)]  -  d[l2]  -  d[F2]  (F-3 

- =  i<i[i2]rp23  ^  =  - 

dt  dt  dt 

Integrating  Eq.(F-3),  the  expression  for  [IF(X)]  is  given  below. 

[IF(X)]  =  ki[l2][F2]t  (F-4 

Letting  t  =  40  ms,  which  is  the  estimated  transit  time  between  the  reac¬ 
tant  mixing  point  and  the  laser  excitation  region,  the  lower  limit  for 
[IF(X)]  is  2.0  X  10^2  molecules  cm"^.  Solving  Eq.  (F-3)  for  [I2]  and 
[F2],  the  remaining  reactant  concentrations  were  estimated  as  follows: 
[F2]  =  4.1  X  10^^  molecules  cm”^  and  [I2]  =  6.2  x  lO^^  molecules  cm~3. 
Thus,  the  average  gas  densities  were:  [IF(X)]  =  3.3  x  10^^  molecules  cm" 
[F2]  =  4.0  X  10^^  molecules  cm"3,  [I2]  =  3.1  x  lO^^  molecules  cm"3,  and 
[He]  =  6.0  X  10^5  atoms  cm"^. 

Using  these  estimated  number  densities,  the  IF(B)  concentration  was 
determined  by  assuming  linear  absorption. ^Oa  Thus,  we  have 


[IF(B)]/[IF(X)]- 1  -  I/Iq  =  1  -  exp(-i[IF(X)K)  (F-5) 


where  I/Ig  is  the  fraction  of  the  incident  laser  intensity  absorbed  in  a 
medium  of  length and  oC  is  the  absorption  cross  section.  The  fraction 
[IF(B)]/[ IF(X)]  was  estimated  as  0.03  using  Ji=  10.16  cm  and  oC=  8:5  x  10"17 
cm^  as  determined  by  Clyne  and  McDermid.l^  Therefore,  [IF(B)]  was  approxi¬ 
mately  1  X  10^2  molecules  cm"3. 

The  IF(B)  +  M  collision  frequencies  at  300  K  can  now  be  calculated 
via  Eq.(F-6). 


Z  =  Cv  Na  (F-6) 

2 

where  (J=  ,2SX{dp^  +  djp)  ,  v  is  the  mean  relative  velocity,  and  and 
dA  are  respectively  the  number  density  and  diameter  of  the  target  molecu¬ 
les.  Assuming  an  IF  collision  diameter  of  4.4  x  10”®  cm,  where 
dip  =  0.5  (dp2  +  di2),  the  estimated  collision  frequencies  for  baseline 
conditions  are  listed  in  Table  F-1.  Also  listed  in  this  table  is  the 
quantity  (ZTr)"!  which  gives  the  number  of  IF(B)  radiative  lifetimes  per 
col  1 ision. 

There  are  three  conclusions  that  can  be  drawn  from  this  table. 

First,  the  IF(B)-IF(X)  encounters  are  in  the  collision  free  regime  with 
approximately  25  IF(B)  radiative  lifetimes  per  collision.  Therefore, 
collisional  interactions  between  these  molecules  are  not  important. 
Secondly,  since  the  I2  +  ^2  •"eaction  produces  a  rich  visible  chemilu- 
minscence  spectrum^  which  populates  a  large  number  of  IF(X)  vibrational 
and  rotational  levels,  the  high  frequency  of  IF(X)-  He  collisions  assures 
vibrational  and  rotational  thermalization  in  IF(X)  before  IF(X)  molecules 


TABLE  F-1.  IF(B)  +  M  collision  frequencies,  Z,  and,  correspondely, 
the  number  of  IF(B)  lifetimes  per  collision,  (Z'Tr)"^. 
The  average  IF(B)  lifetime  was  taken  as  7  f^%. 


Collision  Partner(M) 

Z  (collisions  s"^ 

(ZTr)-I 

IF(X) 

5.7  X  103 

25 

He 

2.9  X  10^ 

,05 

9.2  X  10^ 

2 

l2 

7.3  X 

_ 

2 

reach  the  laser  excitation  region.  Finally,  Table  F-1  indicates  that  a 
premature  population  redistribution  will  occur  from  the  initially  pre¬ 
pared  IF(B;v')  state  before  adding  a  bath  gas.  That  is,  there  are  28 
IF(B)-He  collisions  before  IF(B)  radiatively  decays.  This  results  in  the 
collisional  population  of  other  IF(B)  quantum  states  from  (v^',J^'). 
Collisional  encounters  between  IF(B)  and  both  I2  and  F2  are  also  likely 
to  occur  further  relaxing  the  initial  IF(B;v')  distribution  through, 
possibily,  V-V  energy  transfer.  This  population  distribution  presents  a 
constant  background,  and  the  collisional  effects  of  the  added  bath  gas 
are  examined  by  monitering  the  change  in  the  temporal  history  of  these 
levels  while  altering  the  bath  gas  concentration. 

In  time  resolved  experiments,  care  must  be  taken  to  ensure  that 
there  is  no  net  flow  of  excited  molecules  out  of  the  observation 
region.  Since  IF  molecules  were  heavily  diluted  in  helium,  the  coef¬ 
ficient  of  mutual  diffusion  was  estimated  using  Eq.(F-7).61 


TABLE  F-1.  IF(B)  +  M  collision  frequencies,  Z,  and  the  correspond¬ 
ing  number  of  IF(B)  lifetimes  per  collision,  (zTr)"^. 
The  average  IF(B)  lifetime  was  taken  as  7^s. 


Col lision  Partner(M) 

Z  (collisions  s"^) 

(ZtR)-l 

IF(X) 

5.7  X  103 

25 

He 

2.9  X  106 

.05 

^2 

9.2  X  10^ 

2 

I2 

7.3  X  10^ 

2 

reach  the  laser  excitation  region.  Finally,  Table  F-1  indicates  that  a 
premature  population  redistribution  will  occur  from  the  initially  pre¬ 
pared  IF(B;v')  state  before  adding  a  bath  gas.  That  is,  there  are  28 
IF(B)-He  collisions  before  IF(B)  radiatively  decays.  This  results  in  the 
collisional  population  of  other  IF(B)  quantum  states  from  (vi',Ji'). 
Collisional  encounters  between  IF(B)  and  both  I2  and  F2  are  also  likely 
to  occur  further  relaxing  the  initial  IF(B;v')  distribution  through, 
possibily,  V-V  energy  transfer.  This  population  distribution  presents  a 
constant  background,  and  the  collisional  effects  of  the  added  bath  gas 
are  examined  by  monitering  the  change  in  the  temporal  history  of  these 
levels  while  altering  the  bath  gas  concentration. 

In  time  resolved  experiments,  care  must  be  taken  to  ensure  that 
there  is  no  net  flow  of  excited  molecules  out  of  the  observation 
region.  Since  IF  molecules  were  heavily  diluted  in  helium,  the  coef¬ 
ficient  of  mutual  diffusion  was  estimated  using  Eq.(F-7).^2 


Di2  =  3/8V7t72  1/NSd  (p_7) 

2 

where  N  =  Njp  +  N^e.  S(j  =  .25  (djp  +  d^g)  ,  and  jCc  the  reduced  mass. 

Using  the  number  densities  estimated  previously,  the  coefficient  of 
mutual  diffusion  is  1.2  x  10^  cm2  5-l_  large  coefficient  means  that 

a  uniform  distribution  of  particles  is  achieved  quickly  in  the  cell. 

This  interpretation  was  experimentally  verified  by  measuring  cell 
pressures  in  two  widely  separated  locations. 

The  root  mean  square  displacement  of  excited  IF  molecules  was  calcu¬ 
lated  using 

(x2)l/2  =  (2  0i2  (F-8) 

where  D12  is  the  coefficient  of  mutual  diffusion. ^2  i,.,  7^$,  which  is 

the  average  lifetime  of  IF(B),  this  distance  is  0.16  cm  or  one  laser  beam 
diameter.  Therefore,  a  0.16  cm  displacement  toward  or  away  from  the 
detector  would  have  no  effect  on  temporal  measurements  since  the  emitting 
species  is  still  within  the  observation  region  defined  by  the  focal  plane 
of  the  aspheric  lens. 
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APPENDIX  G:  Laser  Excitation  Spectra  Results 

Low  resolution  laser  excitation  spectra  of  the  v"  =  0  bands  for  3  £ 
v'  £8  were  obtained  by  recording  total  IF(B)  fluorescence  Intensity  as  a 
function  of  laser  wavelength.  The  laser  wavelength  scans  were  made, bet¬ 
ween  445  and  550  nm.  These  spectra  were  then  used  to  Identify  the  Ini¬ 
tially  formed  (v',  J')  states  In  the  time  resolved  energy  transfer  stu¬ 
dies.  Table  G-1  lists  the  band  heads  and  the  corresponding  Franck-Condon 
factors  for  the  observed  vibrational  transitions. 

Figure  G-1  shows  a  vibrational  excitation  spectrum  recorded  at  0.5  nm 
resolution  between  450.0  and  506.0  nm.  All  of  the  vibrational  bands  were 
easily  assigned  using  Curie's  band  head  measurements. ^  The  vibrational 
structure  In  Fig.  G-1  shows  a  dominance  of  the  v"=  0  progression  with 
some  possible  evidence  of  some  v"=  1  bands.  The  Intensity  alteration  In 
the  vibrational  structure  Is  primarily  due  to  the  dye  laser  pumping  effi¬ 
ciency  as  depicted  by  the  dye  power  curve  In  Fig.  G-1. 

Fluorescence  from  residual  I2  1s  clearly  visible  which  prevented 
(2,0),  (1,0),  and  (0,0)  excitation  spectra  from  being  recorded  at  wave¬ 
lengths  longer  than  497.0  nm.  The  I2  fluorescence  was  actually  much  more 
Intense  than  the  IF  fluorescence  after  normalizing  the  peak  Intensities 
with  respect  to  both  the  dye  power  curve  and  the  Franck-Condon  factors. 
This  Indicated  that  the  I2  concentration  was  much  greater  than  the  IF 
concentration  In  the  cell.  One  must,  therefore  account  for  the  kinetic 
effect  of  this  background  gas. 

Figure  G-2  shows  a  selected  region  of  the  (4,0)  band  recorded  between 
486.8  and  489.0  nm  under  higher  resolution  (0.4  cm-1).  since  there  exist 
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Figure  G-1.  Laser  excitation  spectrum  recorded  at 
0.5  nm  resolution  showing  the  IF(B-^X) 
vibrational  structure.  The  coumarin  102 
dye  curve  is  shown  at  the  top  of  the 
fi gure . 
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Table  G-1.  Air  wavelengths  of  band  heads  and  Franck-Condon 
factors  of  the  IF  3-->  X  system  seen  In  laser 
Induced  fluorescence. 


BAND 

AIR/nm^ 

Qv'v"^' 

(3,0) 

496.125 

0.09 

(4.0) 

486.817 

0.119 

(5,0) 

478.028 

0.133 

(6,0) 

469.736 

0.131 

(7,0) 

461.931 

0.117 

(8,0) 

454.600 

0.096 

a.  Reference  5,  b.  Reference  9 


only  single,  naturally  occurring  Isotopes  of  I  and  F,  the  rotational 
structure  appeared  as  a  set  of  regular  P-R  doublets.  The  rotational  struc¬ 
ture  was  fairly  well  resolved  for  most  bands  except  near  the  band  head. 
Typically,  rotational  levels  up  to  J'=  60  were  observed  In  all  the 
spectra. 

The  rotational  assignments  were  made  by  the  method  of  combination  dif¬ 
ferences  ,  1  .e. ,  using 

R(J)  -  P(J)  =  4Bv'(J  +  1/2)  (G-la) 

R(J-l)  -  P(J  +  1)  =  4Bv..(J  +  1/2)  (G-lb) 

where  By  =  Bg  -^(e  (v  +  1/2).  Durle's  values  were  used  for  the  rotational 


In  contrast,  consider  the  relaxation  of  vibrational  levels  through 
sequential  cascade  as  shown  in  Fig.  K-lb.  The  simplified  rate  expression 


for  the  same  four  level  system  is 
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Nv_2 

dt 

L^-3J 

0 

0 

k(v-2,v-3) 

0 

Nv-3_ 

(K-4) 


The  solutions  to  these  equations  are 


Ny  =  exp  (-ft)  (K-5) 


Nv-1  =  NyO  [1  -  exp(-rt)]  (K-6) 


k(v-l,v-2)NvO 

Nv-2  =  -  [rt  -  1  -  exp(-rt)]  (K-7) 

k(v,v-l) 


k(v-2,v-3)k(v-l,v-2)NvO 

Nv.3  -  - 7-^ - rvT? -  [1  +rt  +  (rt)2/2-exp(-rt)] 

Ck(v,v-2)]2  (K.8) 

where  K(v,v-1)M  and  NyO  =  (Nv)t=0-  approximate  solutions  for  the 

population  evolution  of  the  col  1 isional ly  populated  states  at  short  times 
are 


Ny-l-  TNyOt  =  Clt 

(K-9) 

r2k(v-l,v-2)NyO 
k(v.v-l)  ‘ 

(K-10) 

r3  ,3  .  C3t3 

6  [k(v,v-l)]2 

(K-11) 

APPENDIX  K:  MuHlquantum  Vibrational  Transfer 


The  structure  of  the  fluorescence  decay  curves  from  the  col  1 1 slonal ly 
populated  levels  provides  Information  on  multiple  quantum  vibrational 
transitions.  Under  single  collision  conditions,  the  differential  equation 
describing  multiquantum  vibrational  transfer,  as  depicted  in  Fig.  K-la, 

Is  expressed  as; 


r  1 

-ky 

N(v-l) 

k(v,v-l) 

N(v-2) 

=  MNv 

k(v,v-2) 

N(v-3) 

k(v,v-3) 

where  we  only  consider  a  four  level  system  and  downward  transitions.  The 
subsequent  decay  from  these  states  are  omitted  since  the  transfer  process 
Is  being  analyzed  at  short  times.  In  Eq.(K-l),  Is  the  total  removal 
rate  from  state  v,  which  Is  defined  as  the  sum  of  the  state-to-state 
vibrational  transition  rates,  k(v,v-4v)  with  Av  =  1,2,3.  The  solution  to 
this  equation  Is 


N 


(Nv)t=0 


kv 


(1  -  e-I^Mt) 


1 

k(v,v-l) 

k(v,v-2) 

k(v,v-3) 


{K-2) 


For  small  t,  the  exponential  can  be  expanded  and  Eq.(K-2)  approximated  as 

¥  =  C  kyMt  (K-3) 

where  C  Is  the  column  matrix  of  the  ratio  of  rate  constants.  Therefore, 
at  short  times,  multiquantum  vibrational  transfer  Is  recognized  by  the 
linear  rise  In  the  fluorescence  decay  curve  of  the  satellite  bands. 


lute  magnitude  of  the  rate  constants  are  of  little  importance.  Rather, 
for  the  present  purposes,  a  comparison  of  the  relative  efficiencies  are 
the  most  meaningful . 


B,  Time-Resolved  Error  Estimates 

The  systematic  errors  inherent  in  the  determination  of  the  cw 
rate  constants  are  not  present  in  the  pulsed  values  since  the  time 
resolved  experiments  directly  yield  first  order  rates  from  the  data.  The 
accuracy  of  the  rate  constants  is  strictly  due  to  the  errors  associated 
with  the  fitting  routine  which  is  used  to  extract  the  first  order  rates 
and  the  model  assumed.  However,  these  sources  of  error  are  insignif icant 
when  compared  to  the  errors  quoted  in  Tables  4-2  and  4-3. 

All  of  the  energy  transfer  rate  constants  were  calculated  from  the 
slope  of  a  linear  least  squares  fit  to  the  data.  The  scatter  in  the  data 
points  reflect  the  uncertainties  associated  with  statistical  fluc¬ 
tuations.  Using  the  error  analysis  for  statistical  uncertainties  in  Ref. 
63,  the  following  estimates  were  made.  The  average  uncertainty  in  the 
quenching  rates  is  +^15  percent.  These  values  ranged  from  ;^10  percent  for 
F2  quenching  to  ^20  percent  for  Op.  The  determination  of  both  the  total 
vibrational  transfer  and  the  state- to-state  rate  constants  are  good  to 
within  +15  percent.  The  uncertainties  in  these  rates  showed  very  little 
variation  between  collision  partners  or  initially  populated  vibrational 
level . 
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between  the  uncertainties,  the  accuracy  In  the  total  removal  rate 
constant  was  estimated  as  j^38  percent.  Since  the  evaluation  of  the 
state-to-state  rate  constants  depended  on  prior  knowledge  of  the  total 
removal  rate  coefficient,  any  error  In  the  determination  of  the  quantity 
will  be  amplified.  This  source  of  error  combined  with  the  errors  In  the 
relative  number  densities  resulted  In  an  upper  limit  of  percent  for 
the  error  In  the  4v  =  rate  constants  Involving  efficient  relaxers. 

This  error  limit  Increased  to  about  percent  In  the  determination  of 
k(4v  =  _+!)  for  Kr  and  Xe. 

The  errors  In  determining  the  lower  limits  of  the  total  rotational 
relaxation  rates  came  from  three  sources.  First,  the  method  of  measur¬ 
ing  Intensities  was  changed  from  an  Integration  of  band  areas  to  the 
measurement  of  peak  heights.  This  method  Introduced  large  discrepancies 
since  complete  spectral  resolution  of  the  Initially  pumped  rotational 
level  was  not  possible  above  the  starting  gas  pressures.  Secondly,  a 
prior  determination  of  the  vibrational  relaxation  rate  constants  was 
needed  to  evaluate  the  rotational  transfer  data.  Any  errors  In  this 
quantity  will  be  amplified  In  obtaining  the  rotational  transfer  rate 
coefficient.  Finally,  as  mentioned  previously,  an  error  InTp  was  Intro¬ 
duced  In  converting  k^'  to  k^..  All  of  these  factors  Indicate  that  the 
values  of  the  total  rotational  transfer  rate  constants  for  all  the  colli¬ 
sion  partners  may  be  1n  error  by  as  much  as  a  factor  of  two  or  three. 

Even  though  the  error  limits  for  k^  are  large,  meaningful  comparisons  can 
be  made  among  the  various  collision  partners  to  obtain  Information  on  the 
physical  processes  Involved  In  the  relaxation  process.  That  Is,  the  abso- 


APPENDIX  J:  Error  Analysis 


A.  CW  Error  Estimates 

CW  photometry  experiments  inherently  have  many  sources  of  systema¬ 
tic  errors  which  affect  the  accuracy  and,  therefore,  the  overall  pre¬ 
cision  of  the  rate  constants.  In  these  studies,  the  systematic  errors 
are  derived  from  four  sources:  (1)  uncertainties  in  the  Franck-Condon 
factors,  (2)  errors  in  measuring  the  relative  response  of  the  detection 
system,  (3)  uncertainties  in  the  area  measurements,  and  (4)  errors  in 
the  radiative  lifetimes  which  were  used  to  convert  k(Av)'  to  k{Jv). 

The  uncertainties  in  the  Franck-Condon  factors,  qv'v"»  were 
obtained  from  the  estimates  of  Clyne  and  McDermid,^  since  no  experimental 
verification  of  these  values  have  yet  been  made.  Since  all  the  bands 
used  in  this  study  posses  strong  Franck-Condon  factors,  a  constant  error 
of  _+10  percent  was  assumed.  The  error  in  the  relative  detection 
efficiency  term,ot(>.),  was  more  difficult  to  estimate.  This  error  was 
determined  by  comparing  o<  (;\)  curves  that  were  obtained  in  the  pulsed  and 
CW  experimental  systems.  These  uncertainties  typically  ranged  between  j^lO 
percent  for  ^  _<  500  nm  or  X  >.  650  nm  to  ^20  percent  for  500  <  ^  <  650  nm. 
The  error  in  the  relative  vibrational  state  densities  were  obtained  from 
the  relative  areas  error  estimates.  Typically,  the  uncertainties  in  the 
areas  ranged  from  j^5-10  percent  for  the  intense  transitions  to  _+15-20 
percent  for  the  weak  bands.  Also,  a  10  percent  mean  deviation  was  used 
for  the  radiative  lifetimes  as  determined  by  Clyne  and  McDermid.^^ 

Using  the  standard  techniques  of  error  propagation, where  the 
estimated  uncertainties  are  added  in  quadrature  assuming  no  correlation 
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lines  without  a  bath  gas.  Statistically,  the  relative  areas  of  the  P  and 
R  lines  are  equal  to  the  ratio  of  the  Honl-London  factors,  Sj.  For  J'=  22, 
the  ratio  Sp(j)/Sr(j)  =  (J  +  1)/J  =  1.05.  The  measured  areas  at  the  base 
pressures,  which  are  proportional  to  the  peak  heights,  gave  ratios  that 
were  In  good  agreement  with  the  theoretical  value.  The  experimental 
ratios  typically  varied  by  percent  of  the  ratio  of  the  Honl-London 
factors.  Finally,  the  total  area  representing  the  population  In  J'  =  22 
that  was  Inserted  Into  Eq.(2-9b)  was  obtained  by  summing  the  contribu¬ 
tions  of  the  P  and  R  lines. 
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latter  was  determined  by  measuring  the  area  bounded  by  the  photon 
count  record  and  the  baseline  using  a  planimeter.  The  area  measurements 
of  the  v'=  3  bands  were  made  simpler  since  band  overlap  was  absent. 

Rotational  transfer  was  manifested  as  a  broadening  of  the  emission 
from  the  initial  rotational  level  upon  addition  of  a  bath  gas  as  seen  in 
Fig.  4-21.  Thus,  a  measurement  of  the  peak  heights  of  the  rotational 
lines,  H(J),  was  more  indicative  of  the  true  population  in  that  level. 

In  order  to  minimize  the  error  in  measuring  heights  which  may  be  due  to 
a  convolution  from  nearby  rotationally  transferred  states,  it  was  assumed 
that  the  FWHM  points  of  the  initial  P  and  R  lines  were  conserved  in  each 
spectra  for  all  the  bath  gas  pressures.  After  locating  the  FWHM  points 
in  each  spectra,  the  height  of  the  R(21)  line  was  measured  from  the  base¬ 
line  of  the  spectra  to  the  center  of  the  FWHM  points.  In  all  the 
spectra,  only  the  R(21)  line  was  used  to  determine  the  rotational  popula¬ 
tion  since  instrumental  resolution  prohibited  the  P(23)  line  from  being 
distinguished  from  the  bandhead  at  higher  pressures.  The  height  of  the 
R(21)  line  was  converted  to  an  area  using  Eq.(I-l). 

A(R)  =  [H(R)/H(R)o]  A(R)o  (I-l) 

where  H(R)  is  the  peak  height  at  a  bath  gas  pressure,  P,  and  H(R)q  and 
A(R)q  are  the  height  and  area  of  the  R(21)  line  in  the  absence  of  a  bath 
gas.  The  area  of  the  P(23)  line  was  then  computed  using 

A(P)  =  [H(P)o/H(R)o]  A(R)  (1-2) 

where  H(P)q/H(R)q  is  the  ratio  of  the  heights  of  the  R(21)  and  P(23) 


APPENDIX  I:  Spectral  Band  Area  Calculations  In  the  CW  Experiments 

1.  Vibrational  Transfer  Experiments 

The  area  under  each  vibrational  band  was  analytically  computed  by 
summing  the  total  photon  counts  under  each  band.  Typically,  200  to  300 
counts  were  summed  over  the  wavelength  range  of  a  vibrational  transition. 
The  baseline  was  determined  by  subtracting  the  average  background  noise 
from  each  photon  count  1n  a  given  set  of  runs.  The  source  of  the 
background  noise  was  primarily  PMT  dark  count  and  ranged  between  8  and  17 
counts  s"l  depending  on  the  ampl Ifler/dlscrimlnator  selection.  At  high 
bath  gas  pressures,  the  summing  began  at  the  band  head  and  continued 
until  the  baseline  was  reached.  At  low  bath  gas  pressures,  many  bands 
did  not  reveal  a  well-defined  head.  Thus,  the  photon  counts  were  summed 
between  points  where  baseline  deviations  first  occurred. 

The  spectra  for  three  bath  gases  (He,  Ne,  and  N2)  were  also  analyzed 
by  measuring  the  area  bounded  by  the  photon  count  record  and  the  baseline 
using  a  Lasico  Model  9314  electronic  planimeter.  This  method  for  deter¬ 
mining  areas  was  used  to  check  the  precision  of  the  summation  code.  The 
two  methods  agreed  to  within  five  percent  for  obtaining  the  relative 
areas  of  two  vibrational  bands  (I.e.,  A(v'=  3-^ v"=l)/A(v'=  2-^v"=  1)  = 
.05). 


2.  Rotational  Transfer  Experiments 

The  ratio  of  the  population  In  the  Initially  populated  rota¬ 
tional  state,  N(J),  to  the  total  population  In  v'  =  3,  N(v),  was  required 
to  calculate  the  total  rotational  relaxation  rate  from  Eq.(2-9b).  The 


194 


400  500  600  700  800  900 

X(nin) 

Figure  H-1.  A  comparison  of  the  experimental  to  theoretical 
blackbody  spectra.  The  curves  were  normalized 
at  the  wavelength  corresponding  to  the  maximum 
response  of  the  detection  system. 


APPENDIX  H:  Calibration  of  the  Flourescence  Detection  System. 

The  wavelength  dependent  response  of  the  fluorescence  detection 
system  to  an  applied  signal  was  determined  by  comparing  experimental  and 
theoretical  blackbody  spectra.  A  standard  blackbody  source  was  placed  at 
the  observation  window  of  the  cell  and  was  left  to  equilibrate  at  1385*K 
for  24  hours.  A  blackbody  spectrum  was  recorded  between  450  and  900  nm 
using  a  Keithly  414S  picoammeter  which  measured  the  photocurrent  from  the 
RCA  C31034A-02,  cooled  photomultiplier  tube.  A  hard  copy  of  the  black¬ 
body  spectrum  was  displayed  on  a  strip-chart  recorder.  The  PMT  signal, 

S,  was  subsequently  compared  to  the  theoretical  intensity,  I,  using 

S  =  oACX)  I  (H-1) 

where  o<(^)  is  a  calibration  factor  which  depends  on  the  response 
characteristics  of  the  grating,  photomultiplier  tube,  and  also  on  the 
geometry  of  the  system.  The  theoretical  intensity  was  calculated  using 
Planck's  blackbody  distribution 

N(X)  =  2c2h/A^  (exp[hcA'ftt]  -1)  (H-2) 

A  comparison  of  the  two  blackbody  curves  is  shown  in  Fig  H-1.  The 
two  curves  were  normalized  at  the  maximum  response  of  the  detection 
system  which  occurred  at  847.5  nm.  Figure  H-2  displays  the  plot  of  S/I 
versus  wavelength  to  determine  the  appropriate  corrections  for  the  signal 
response  of  the  detection  system. 


constants  3g  andc^g.^  Centrifugal  distortion  was  neglected  in  making  the 
assignments.  The  application  of  Trickl  and  Wanner's  molecular  constants^^ 
did  not  alter  the  rotational  assignment  since  these  spectra  were  obtained 
at  relatively  low  resolution. 

Since  nuclear  interchange  symmetry  does  not  apply  for  heteronuclear 
diatomics,  the  nuclear  spin  statistical  weight  is  the  same  for  each  rota¬ 
tional  level.  Therefore,  the  intensity  alterations  of  the  rotational 
branches  are  governed  solely  by  the  Boltzmann  distribution  with  the 
appropriate  statistical  weight  given  by  Sj/{2J  +  1).  The  Honl-London  fac¬ 
tor,  Sj,  has  a  value  of  J  and  J  +  1  for  the  R  and  P  branch, 
respecti vely. For  a  typical  P-R  doublet  in  the  IF  excitation  spectra, 
the  R  line  correlates  with  a  ground  state  rotational  level  J"  which  is 
some  7  levels  above  the  J"  value  for  the  P  line.  Thus,  at  high  J  values 
above  the  Boltzmann  maximum,  the  R  line,  which  corresponds  to  the  higher 
0  level,  has  a  lower  intensity  than  the  P  line  in  the  doublet. 

Not  all  the  vibrational  bands  showed  a  well  resolved  rotational  struc¬ 
ture.  As  seen  in  Fig.  G-3,  the  (5,0)  band  was  a  particul ari ly  simple 
one  because  the  P(J)  and  R(J  +  7)  lines  are  overlapped  throughout  much  of 
the  band. 
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Comparing  Eqs.  (K-3)  and  (K-11)  shows  that  the  functional  form  of  the 
population  growth  in  the  satellite  bands  is  drastically  different 
depending  on  whether  or  not  multiquantum  vibrational  transfer  is  present. 
The  form  of  Eq.  (K-11)  for  sequential  cascade  shows  that  the  population 
in  the^v  >  -  1  states  has  a  higher  order  dependence  on  time,  indicating 
that  the  population  in  these  states  grows  only  when  significant  popula¬ 
tion  is  present  in  the  next  highest  level.  The  basic  principles  of  ana¬ 
lysis  for  collisional  relaxation  via  sequential  cascade  are  the  same  as 
the  methods  used  to  analyze  radioactive-series  decay. 
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APPENDIX  L:  Steady-State  Vibrational  Transfer  Modeling 


The  general  relaxation  equation  governing  both  collisional  redistri¬ 
bution  and  radiative  decay  is  given  by 

dY-j/dt  =  Yi(0)/t  -  Yi/r  +  ?  [k(j.i)M  Y,  -  k(i,j)M  Yi]  =  0  (L-1) 

In  Eq.(L-l),  Y^-  is  the  relative  population,  N-j/N,  of  a  vibrational  state 
i,  T  is  the  effective  lifetime  [T  =  (I/C'r  +  and  k(i,j)  is  the 

collisional  rate  from  state  i  to  state  j.  In  this  equation,  the  input  is 
divided  among  the  available  energy  levels  according  to  Y(0)  which  is  a 
statement  of  the  initial  conditions,  and  the  output  according  to  Y. 

Solving  this  equation  in  steady-state,  one  obtains 

Yi  =  Yi{0)  +  ^T[k(j,i)M  Yj  -  k(i,j)M  Yi]  (L-2) 

or,  in  matrix  form 

Y(0)  =  Y  (i  -  t  A)  (L-3) 

The  effective  lifetime  term,T,  was  written  in  matrix  form  to  expli- 
citely  account  for  the  variation  in  the  radiative  lifetimes  for  each 
vibrational  level.  The  term  A  is  the  matrix  of  relaxation  rates  with  the 
elements  described  in  Eq.(L-2).  Rewritting  Eq.(L-3)  as 

Y  =  (i  -  t  A)"^  Y(0)  {L-4) 

the  relative  populations,  Y^-,  were  determined  as  a  function  of  bath  gas 
pressure,  M,  by  specifying  both  an  initial  ^-function  distribution  in  a 
given  vibrational  level  and  the  rates  k(i,j)  and  k(j,i).  By  assuming 
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only  4v  =  ±1  transitions,  the  matrix  A  becomes  a  simple  tri-diagonal 
matrix.  The  main  diagonal  terms  represent  the  total  removal  from  a 
vibrational  level  while  the  off-diagonal  terms  describe  the  state-to- 
state  transitions.  The  relative  populations,  Y-j,  can  then  be  obtained 
by  solving  Eq.(L-4)  by  matrix  inversion. 

The  form  of  Eq.(L-4)  also  allows  one  to  determine  the  effects  of 
multi quantum  transfer  in  the  initial  vibrational  distribution.  Simply, 
one  only  needs  to  insert  additional  off-diagonal  elements  to  describe 
this  process.  The  scaling  of  the  vibrational  transfer  rates  can  also  be 
examined  if  high  bath  gas  pressures  are  used  so  one  achieves  nearly 
complete  relaxation  of  the  initial  distribution.  This  relaxation  is 
needed  to  avoid  dominance  of  the  k(i,j)  rates  out  of  the  initially  popu¬ 
lated  vibrational  level  at  low  pressures.  To  analyze  the  vibrational 
scaling  of  the  rates,  one  needs  to  input  rates  out  of  a  particular  level 
(preferably,  the  k(l,0)  rate  should  be  used)  and  use  various  scaling 
parameters  to  obtain  a  population  distribution  which  can  then  be  compared 
to  the  expermental  data. 
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